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Preface 


The continuous advancement of science 
and medicine is pivotal in the quest to 
protect and improve human health. This 
book aims to present the latest 
perspectives in the  ffields’ of 
neuroscience and _ sepsis research, 
highlighting modern methodologies and 


technological innovations. 


The first chapter introduces 3D 


histological imaging techniques, 
covering conventional methods such as 
optical imaging, electron microscopy, 
and other imaging technologies. It also 
delves into post-imaging processing and 
analysis, including image 
preprocessing, | segmentation, 3D 
reconfiguration, and both quantitative 
and qualitative analyses. The second 
chapter explores the diverse 
applications of 3D histological imaging. 
It addresses its use in neurohistology, 
cancer research, developmental 
biology, and other medical and 
biological fields. The chapter also 
discusses current developments and 
future perspectives in 3D imaging. 

In the third chapter, the book provides 


a comprehensive histopathological 


overview of Chronic Traumatic 
Encephalopathy (CTE), examining its 
epidemiology, histopathological 
markers, neuropathology, and staging. 
The macroscopic and _ microscopic 
pathology of CTE, clinical markers, and 
future research directions are also 
discussed. Chapter four focuses on 
migraines, detailing their history, 
classifications, symptoms, etiology, 
epidemiology, pathophysiology, 
diagnosis, management, and 
treatments. It also covers patient 
education, prognosis, complications, 
prevention, and ongoing research, 
including gender-based differences and 
potential preventive strategies. The fifth 
chapter presents insights into the use of 
adipose-derived mesenchymal stem 
cells (ASCs) in treating diabetic 
neuropathy, using various animal 
models. It discusses the mechanisms of 
action of ASCs, challenges in their use, 
and future directions for improving this 
therapeutic method. Chapter six offers 
clinical insights into experimental sepsis 
research, defining sepsis, its 
mechanisms, pathophysiological 
alterations, clinical manifestations, 
diagnosis, predictive biomarkers, and 


treatment. Innovations and future 


directions in sepsis research are also 
highlighted. The seventh chapter 
examines experimental animal models 
that mimic sepsis in humans. It 
emphasizes the importance of these 
models, detailing commonly used small 
and large animal models, 
standardization, model variability, and 
comparative analysis of different sepsis 
induction methods. The eighth chapter 
discusses the role of artificial 
intelligence in sepsis research, focusing 
on predictive analytics, early detection, 
machine learning, deep learning 
models, ethical considerations, and 
future challenges and directions in Al 


applications. 


Our aim is to provide researchers and 
clinicians with an in-depth 
understanding of new microscopy 
techniques, neuroscience, and the 
complexities of sepsis. We seek to 


inspire the development of innovative 


solutions to the challenges in health 
sciences. Each chapter is designed to 
advance current knowledge and pave 
the way for future research and 


practical applications. 


This book aspires to be an indispensable 
resource for researchers, academics, 
clinicians, and students in the health 
sciences. We sincerely hope that the 
insights and innovations presented herein 
will have a lasting and positive impact on 
human health. 


This book is dedicated to my doctoral 
thesis advisor, Prof. Dr. Meral Baka (1955- 
2024), who passed away in the first month 
of this year. 


Sincerely, 


Izmir, Tiirkiye 


Prof. Dr. Yigit UYANIKGIL 
21.06.2024 
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INTRODUCTION TO 3D 
HISTOLOGICAL IMAGING 
TECHNIQUES 


Kubilay Dogan Kilic 


Chapter 1 
Introduction to 3D 
Histological Imaging 
Techniques 


KUBILAY DOGAN KILIC! 


1.1. Introduction 


3D histological imaging is critically 
important in biological and medical 
research because this technology allows a 
detailed study of the three-dimensional 
structure of tissues and cells. Traditional 


two-dimensional (2D) 
techniques provide only planar images of 


histological 
tissue sections, providing __ limited 
information about the spatial organization 
of cells and tissues. In contrast, 3D 
histological imaging visualizes the 
volumetric and complex structures of 
tissues in a holistic manner, which enables 
a deeper understanding of biological 


processes (Kartasalo et al.,2018). 


3D_ histological imaging offers 
great innovation, especially in fields such 
as neuroscience, oncology, developmental 
biology, and regenerative medicine (Baldi 
et al., 2019; Ding et al., 2019; Sinibaldi et 
al., 2018; Stille et al., 2013). 


In neuroscience, the study of the three-dimensional structure of brain tissue enables 


detailed mapping of neurons and synapses, which contributes to understanding the 


mechanisms of neurodegenerative diseases (Shiffman et al.,2018). In oncology research, 


the three-dimensional organization of the tumor microenvironment and cancer cells helps 


to better understand the mechanisms of tumor growth, metastasis, and resistance to 


therapy (Fong et al.,2016). In developmental biology, 3D tracking of embryonic 


development reveals the dynamics of cell differentiation and tissue morphogenesis (Mccoll 


et al.,2018). 

3D histological imaging also plays 
a critical role in the development of new 
biomedical technologies and therapeutic 
strategies. For example, bioengineering, 
tissue engineering, and organoid studies 


1 -Department of Histology and Embryology, 


Faculty of Medicine, Ege University, Izmir, Tiirkiye 


need 3D imaging techniques to assess the 
three-dimensional structure of artificial 
tissue and organ models (Appel et al., 
2013). These techniques guide biomedical 
applications by analyzing the structural 


-Helmholtz Center, Institute for Tissue 
Engineering and Regenerative Medicine (iTERM), 
Munich, Germany 


integrity, cellular distribution, | and 
functional properties of tissue and organ 
models. 

The historical development of 3D 
histological imaging techniques is closely 
linked to advances in microscopy 
technologies and the evolution of needs in 
biomedical research. Beginning with the 
invention of the first microscopes, 
histologic examinations were based solely 
on the visualization of two-dimensional 
sections until the early 20th century 
(Musumeci, 2014). The development of 
light microscopes and basic histological 
staining techniques during this period was 
an important step forward — in 
understanding cell and tissue structures. 
However, these methods were insufficient 
to understand the _ three-dimensional 
structure and complex spatial organization 
of tissues. 

The development of confocal 
microscopy in the 1970s marked an 
important milestone in the three- 
dimensional imaging of _ biological 
specimens. Confocal microscopy provides 
clearer and more contrasty images by 
eliminating light outside the focal plane, 
making it possible to reconstruct 3D 
structures by taking serial optical sections. 
In the years that followed, the 
development of advanced techniques 


such as multiphoton microscopy increased 
the capacity for 3D imaging, offering 
advantages such as deeper tissue 
penetration and minimal phototoxicity in 
living specimens (Hibbs, 2004). 

In recent years, innovative 
techniques such as light sheet microscopy 
have enabled rapid and high-resolution 3D 
imaging of large volumes of specimens. 
Light sheet microscopy enables rapid 
scanning and three-dimensional 
reconstruction of fluorescently labeled 
structures by illuminating a thin cross- 
section of the sample with a sheet of light. 
This technique offers great advantages in 
monitoring developmental processes and 
cellular dynamics, especially in living 
organisms (Poola et al., 2019). 

The development of electron 
microscopy is also an important part of 3D 
histological imaging. Scanning electron 
microscopy (SEM) and _ transmission 
electron microscopy (TEM) provide high- 
resolution 2D images of the surface 
structures and internal organization of 
biological samples. To obtain 3D 
structures, these 2D images are digitally 
combined using methods such as serial 
sections and electron tomography. These 
advances allow nanometer-scale details to 
be studied in three dimensions (Gunning 
et al., 2000; Hyams et al., 2020). 


Other advanced techniques such 
as nuclear magnetic resonance (NMR) 
imaging and X-ray microtomography have 
also made significant contributions to the 
field of 3D histologic imaging. These 
techniques are particularly used for non- 
invasive imaging of biological tissues and 
their complex structures (Glidewell et al., 
1999; Katsamenis et al.,2019). 

The historical development of 3D 
histological imaging techniques has 
paralleled innovations in microscopy 
technologies and has _ continuously 
evolved to meet the needs of biomedical 
research. Advances in this field have 
deepened our — understanding of 
biomedical sciences, allowing for a more 
detailed and holistic study of biological 
structures. 

The differences between 2D and 
3D histological imaging are crucial to the 
depth and accuracy of information they 
provide in analyzing biological tissues and 
cells (Figure 1). 2D imaging provides 
planar images of thin sections of biological 
specimens. This technique is widely used 
to study the morphological characteristics 
of tissue structures and cells and has been 
a fundamental tool in many histological 
examinations. However, 2D _ imaging 
methods provide limited information 
about the three-dimensional organization 


of cells and tissues. The planar nature of 
the sections can result in the loss of 
important structural information, 
especially in complex and dense tissues. 
This leads to significant gaps in 
understanding the spatial relationships of 
cells and tissues. 

3D histological imaging, on the 
other hand, visualizes and analyzes 
biological structures in three dimensions. 
This technique reveals in detail the 
volumetric structure, internal 
organization, and spatial relationships of 
tissues and cells. 3D imaging is achieved 
by combining a series of optical or physical 
sections, thus enabling a more accurate 
and comprehensive analysis of tissue 
structures. For example, 3D imaging 
techniques allow detailed examination of 
the dendritic branching of neurons, the 
three-dimensional distribution of 
synapses, and the invasion pathways of 
tumor cells. 

Another advantage of 3D imaging 
is that it can better reflect biological 
processes' dynamic and_ time-varying 
nature. 3D time-series imaging of living 
cells and tissue samples’ enables 
monitoring of dynamic processes such as 
cellular. movements, divisions, and 
interactions. This is particularly critical in 


fields such as developmental biology, 


neuroscience, and cancer research. For 
example, 3D tracking of the embryonic 
development process allows us_ to 
understand the spatial and temporal 
dynamics of cell migrations and 
differentiation (Jacquemet et al.,2015; 
Rodriguez et al.,2003). 


3D imaging also offers significant 
advantages in applied sciences such as 
bioengineering and tissue engineering. 3D 
imaging techniques are used to assess the 
structural integrity and __ functional 
suitability of artificial organ and tissue 
models. These techniques help to optimize 
design and manufacturing processes in 


bioengineering studies (Krug et al., 2010). 
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Figure 1: Procedures required for 2D and 3D histological imaging. 


1.2. Conventional 3D Histological 
Imaging Techniques 


1.2.1. Optical Imaging 
Methods 


Optical imaging methods play a 
fundamental role in biomedical research 
thanks to their ability to image fine details 
of biological samples at high resolution. 
The most important of these methods are 
confocal, multiphoton, and light sheet 


microscopy (Figure 2). These techniques 
enable detailed analysis of  three- 
dimensional structures and dynamic 
processes, especially at the cell and tissue 
level (Santi, 2011). 

Confocal microscopy improves 
image quality by using a pinhole, which 
blocks portions of light from out-of-focus 
planes. It works with a laser scanning 
system that takes serial optical sections 
and combines them to create three- 


dimensional reconstructions. Confocal 
microscopy is often used with fluorescent 
labeling (Medeiros et al., 2015). With this 
technique, specific cellular components or 
molecules can be targeted and imaged 
with high precision. For example, it is 
widely used in applications such as 
mapping 
monitoring organelle movements during 


neuronal connections, 
cell division, and studying the distribution 
of cancer cells in the microscopic tumor 
microenvironment. The different laser 
wavelengths used in confocal microscopy 
enable multicolor fluorescence labeling, 
enabling simultaneous observation of 
multiple biomolecules on the same 
sample. (Egeblad et al.,2008; Pine et al., 
2010) 

Multiphoton microscopy, 
commonly known as _ two-photon 
microscopy, differs from single-photon 
fluorescence excitation in that it 
simultaneously absorbs two low-energy 
photons to excite a fluorescent molecule. 
This technique uses longer wavelengths of 
light (infrared), allowing deep tissue 
penetration and low _ phototoxicity. 
(Ustione et al., 2011) It is especially 
preferred for examining dense and deep 
tissues such as the brain. Multiphoton 
microscopy enables high-resolution and 


low-damage images, even deep into living 


tissues. In addition, the minimization of 
photobleaching (light-induced _—_ color 
fading) and phototoxicity (light-induced 
cell damage) makes this technique 
indispensable for long-term live cell 
imaging (Debarre et al., 2014; Patterson 
et al., 2000). 

This technique is ideal for in vivo 
monitoring of neuronal activity, synaptic 
plasticity, and detailed analysis of dynamic 
cellular processes (Benninger et al., 2008; 
Grutzendler & Gan, 2006; Lecoq et al., 
2019). 

Light sheet microscopy allows 
three-dimensional imaging of larger 
volumes of samples at high speed and 
high resolution compared to other optical 
microscopy techniques. By_ illuminating 
only a thin section of the sample, this 
technique enables fast scanning over a 
large area and minimizes phototoxicity 
(Boudreau et al., 2016). Light sheet 
microscopy is used for detailed 
examination of structures and dynamic 
processes in large biological samples (e.g. 
embryos, organoids, and small organisms) 
(Held et al., 2018; Rieckher et al., 2015; 
Udan et al., 2014). 

This microscopy method scans the 
entire volume of the sample in three 
dimensions and collects high volumes of 
data in a very short time. In the field of 


developmental biology, it allows real-time 
and high-resolution monitoring of the 
embryogenesis process. It is also used for 
three-dimensional mapping of complex 
biological phenomena such as_ the 
microenvironment of tumors and the 
process of metastasis (Chen et al., 2024; 
Hockendorf et al., 2012; Horvath et 
al.,2022). 

Optical imaging modalities offer 
indispensable tools’ in biomedical 
research, each with its own advantages 
and Confocal 


application areas. 


microscopy, multiphoton microscopy, and 
light 


researchers 


sheet microscopy provide 


with an in-depth 
understanding of biological structures and 
processes at the cellular and molecular 
levels with the capacity to visualize and 
analyze them in three dimensions. The 
combination and continuous development 
of these methods accelerate advances in 
biomedical sciences, contributing to the 
development of new strategies to better 
understand and treat diseases. 
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Figure 2: Different types of microscopes for use in histological imaging. 


1.2.2. Electron Microscopy 


Electron microscopy is 
characterized by its capacity to provide 
ultra-high-resolution imaging in biological 
and materials sciences. Compared to 
optical microscopy, electron microscopy 


allows the visualization of much smaller 


structures and details thanks to the use of 


electrons. In this category, scanning 
electron microscopy (SEM), transmission 
electron microscopy (TEM), field emission 
scanning electron microscopy (FESEM), 


reflection electron microscopy (REM), and 


scanning tunneling microscopy (STM) are 
the most widely used techniques. Each 
offers different advantages for biological 


research and materials science. 


Scanning Electron Microscopy 
(SEM): SEM uses electron beams to scan 
the surface of a sample and image its 
three-dimensional structure at high 
resolution. In SEM, the electron beam is 
focused on the sample surface, and the 
electrons scattered from this surface are 
collected by detectors to form an image. 
An important advantage of SEM is that the 
surface topography of biological samples 
can be studied in detail. This technique is 
often used to analyze the morphological 
characteristics of cell surfaces, 
microorganism structure, and surface 
properties of biomaterials. For example, 
microvilli on the cell membrane, the 
surface structure of bacteria, and the 
coating quality of biomaterials can be 
studied in detail with SEM. SEM also offers 
a large depth field, enabling topographic 
analysis of three-dimensional structures 
(Zehbe et al., 2012). 

Field Emission Scanning Electron 
Microscopy (FESEM): FESEM is a 
variation of SEM, offering higher 
resolution and image quality. By using a 
field emission source, FESEM provides a 
finer focusing of the electron beam, which 


allows structures on the nanometer scale 
to be imaged. This technique is used for 
detailed analysis of surfaces and 
nanostructures in biological and materials 
sciences. FESEM is particularly preferred 
for the study of nanostructures of cell 
membranes, nanoparticles, and 
biomolecular complexes (Erlandsen et al., 
2000). 

Transmission Electron Microscopy 
(TEM): TEM provides much higher 
resolution, enabling the visualization of 
nanometer-scale details. In TEM, a beam 
of electrons is passed through a thin 
sample and the beam forms an image 
based on the density of electrons passing 
through the sample. TEM makes it 
possible to study the internal structure of 
biological samples in detail. For example, 
ultrastructural analysis of — cellular 
organelles, virus particles, and protein 
complexes can be performed with TEM. 
TEM is widely used in the fields of cell 
biology and_ structural biology. The 
technique is also used to create three- 
dimensional structures by taking serial 
sections and digitally fusing them. Three- 
dimensional reconstructions of specimens 
can also be performed using advanced 
methods such as electron tomography. 
The two-dimensional images obtained by 
TEM are combined to create three- 


dimensional structures using _ serial 
sectioning and electron tomography. In 
the serial section method, very thin 
sections of the biological sample are 
sequentially imaged and the _ three- 
dimensional structure is obtained by 
digitally fusing these sections. In electron 
tomography, the sample is imaged from 
different angles and these images are 
combined to create high-resolution three- 
dimensional —_ reconstructions. |§ These 
methods allow for detailed analysis of the 
internal structure of cells, protein 
complexes, and the three-dimensional 
organization of biomolecular structures 
(Kaul-Strehlow et al., 2013; Rocha et al., 
2018). 

Reflection Electron Microscopy 
(REM): REM creates images using the 
reflection of electrons falling on the 
sample surface. This technique is 
particularly useful for analyzing crystal 
structures and surface roughness. REM 
allows detailed examination of atomic 
planes and crystal defects on the surface. 
This type of microscopy is widely used in 
materials science and surface science 
research. In biological samples, it is used 
to analyze the reflective properties of cell 
surfaces and biomolecular structures 
(Verschueren, 1985; Wang & Liu, 1996). 


Scanning 
(STM): STM is used to study the atomic- 
scale topography of conductive surfaces. 


Tunneling Microscopy 


This technique maps atomic structures on 
the surface by measuring a tunneling 
current. STM _ enables the — surface 
topography of biomolecules and 
nanostructures to be analyzed at atomic 
resolution. It is especially used for the 
detailed study of the surface properties of 
DNA, proteins, and other biomolecules. 
STM is also an important tool in the 
investigation of surface reactions and 
nanotechnology applications (Binnig et al., 
1983; Yarotski et al., 2009). 


Electron microscopy is a critical 
tool in biological and materials research, 
with the capacity to image details at scales 
too small to be achieved by optical 
microscopy. SEM, FESEM, TEM, REM, and 
STM are complementary techniques, each 
offering unique advantages and meeting 
different research requirements. SEM and 
FESEM enable detailed analysis of surface 
topography, while TEM enables the study 
of internal structures at high resolution. 
REM stands out in the analysis of surface 
crystal structures, while STM is used for 
mapping 
topography. These capabilities of electron 


atomic-scale surface 


microscopy enable more in-depth and 
accurate biological research, accelerating 
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scientific advances and paving the way for 


discoveries. 
1.2.3. Other Imaging Techniques 


Imaging techniques used _ in 
biomedical research are not limited to 
optical and electron microscopy. 
Advanced techniques such as X-ray 
microtomography and nuclear magnetic 
resonance (NMR) imaging enable non- 
invasive three-dimensional visualization of 
biological tissues and complex structures. 
These methods allow a detailed study of 
the internal structures of biological 


samples and _ fulfill different research 
requirements. 

X-ray microtomography uses X- 
rays to image the _ three-dimensional 
internal structure of a sample. This 
technique generates many 2D _ cross- 
sectional images based on the intensity 
differences of rays emitted from an X-ray 
source orbiting the sample. These slices 
combined with 


are then computer 


software to create high-resolution 3D 


reconstructions. Micro-CT is used for 
detailed analysis of dense and 
heterogeneous biological samples, 


especially bone structures, teeth, and 
small animal models. Micro-CT, with its 
non-invasive nature, allows samples to be 
examined intact, which means that the 
sample can then be used for further 


analysis. It is also an indispensable tool for 
three-dimensional bone 
density, 
structures (Silva et al., 2014; Mizutani et 
al., 2012). 
NMR 


technique used to study the structure of 


analysis of 


mineralization, and trabecular 


imaging is a_ powerful 
biological tissues and molecules using 
magnetic fields and radio waves. This 
method creates three-dimensional images 
of samples using the magnetic properties 
of hydrogen atoms. NMR is widely used in 
biomedical research because it is non- 
invasive and offers high resolution. It is 
especially used for the detailed study of 
soft tissues, neural tissues, and complex 
biomolecules. NMR imaging is critical in 
applications such as detailed mapping of 
brain structures, characterization of tumor 
tissues, and monitoring of metabolic 
processes. It is also widely used to 
determine the three-dimensional structure 
of proteins and to study dynamic 
biomolecular interactions (Glidewell et al., 
1999; Weiskopf et al., 2021). 

High content imaging (HCI) is an 
advanced microscopy technique used to 
obtain high-resolution and quantitative 
data for cell-based analysis. It is often 
used in combination with fluorescence 
labeling and automated image analysis 


software to perform large-scale scans of 


cellular processes and morphological 

changes. HCI is an important tool in the 
fields of drug discovery, toxicology, and 
functional genomics (Severo et al., 2018; 
Uteng et al., 2014; Van Vliet et al., 2014). 

Current approaches and future 
role of high content imaging in safety 
sciences and  drug_ discovery. It 
quantitatively analyzes the response of 
cells to different conditions, for example 
by performing high-throughput scans of 
biological processes such as_ cell 
proliferation, apoptosis, cell migration, 
and protein localization (Martin et al., 
2014; Soldatow et al., 2016). 

Sonography and ultrasonography 
enable non-invasive imaging of biological 
tissues using high-frequency sound 
waves. These methods are widely used, 
especially in the examination of soft 
tissues and fluid-filled structures (e.g. 
organs, vessels, fetal development). 
Ultrasonography is often preferred in 
clinical practice because it is fast and 
portable. In addition, Doppler ultrasound 
monitoring of vascular structures and 
blood flow is critical in cardiovascular 
research and diagnosis (Kili¢, 2022). 

Cryo-EM is an electron microscopy 
technique in which biological samples are 
imaged by freezing at low temperatures 
such as liquid nitrogen. This method 


enables high-resolution examination of 
biomolecules and cellular structures in 
their native state, without crystallization 
or chemical fixation. Cryo-EM is a 
revolutionary tool, especially for the 
structural biology of protein complexes, 
viruses, and cellular organelles. This 
technique allows the determination of the 
three-dimensional structures of biological 
macromolecules at atomic resolution (Bai 
et al., 2015). 

These advanced imaging 
techniques offer a wide range of 
applications in biological research, 
enabling a more in-depth and accurate 
study of biological structures and 
processes. Each technique offers unique 
advantages and meets different research 
requirements. X-ray microtomography is 
ideal for dense structures and bone 
analysis, while NMR imaging is suitable for 
soft tissues and analysis at the molecular 
level. The combination and continuous 
development of these methods accelerate 
advances in biomedical sciences, 
contributing to the development of new 
strategies to better understand and treat 


diseases. 
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1.3. Post Imaging Processing and 
Analysis 


1.3.1. Image Preprocessing 


Image preprocessing 
encompasses a set of techniques and 
procedures applied to raw biomedical 
images to make them suitable for analysis. 
This process improves the quality of 
images, leading to more accurate and 
reliable results. In particular, image 
preprocessing includes steps such as noise 
removal, contrast adjustment, 
sharpening, and artifact correction. These 
techniques are critical for detailed and 
accurate analysis of biological samples. 
Biomedical images are often 
subject to noise from different sources. 
This noise can be due to limitations of 
imaging devices, environmental factors, or 
natural variations of biological samples. 
Noise removal techniques improve image 
quality by 


signals. Commonly used noise removal 


reducing these unwanted 


methods include mean filtering, median 
filtering, and Gaussian filtering. These 
methods reduce random noise in the 
image, allowing the details of real 
biological structures to be more clearly 
revealed (Thanh et al.,2015). 

Contrast refers to the difference in 
brightness between different regions in 


the image and can be adjusted to make 


biological structures more prominent. In 
low-contrast images, important structural 
details can be_ missed. Contrast 
adjustment techniques include histogram 
equalization, contrast enhancement, and 
adaptive contrast adjustment. These 
techniques allow important biological 
features in the image to appear more 
clearly and distinctly, which offers great 
advantages in the analysis process (Ziaei 
et al., 2008). 
Image sharpening techniques 
make edges and details more distinct. This 
process helps biological structures to be 
seen more clearly, especially in blurred or 
low-resolution images. Common 
sharpening methods include Laplacian 
filtering, high-pass filtering, and unsharp 
masking. These techniques are 
particularly used for better examination of 
cell boundaries, neuronal networks, and 
tissue structures (Dabass et al., 2018). 
Artifacts that occur during imaging 
can cause unwanted and misinformative 
structures to appear in the image. These 
artifacts can arise from a variety of 
light 


aberrations, and 


sources such as motion blur, 
reflection, optical 
instrument errors. Artifact correction 
techniques improve image quality by 
reducing or eliminating these unwanted 


effects. Methods used for this purpose 


include motion correction algorithms, anti- 
reflection techniques, and _ optical 
aberration correction software (Ardizzone 
et al., 2014; Bukreeva et al., 2021). 

Color information plays an 
important role in biomedical imaging, 
especially in techniques such as 
fluorescence microscopy. Color correction 
and normalization involve — correctly 
aligning the different color channels and 
adjusting the overall color balance of the 
image. This process minimizes color 
variations in different samples, ensuring 
comparable and_ consistent — results 
(Ardizzone et al., 2014; Munzenmayer et 
al.,2006). 

Scaling and resampling techniques 
are used to analyze images at different 
resolutions. These processes make 
images suitable for different analysis 
methods, preserving important biological 
information without changing their size or 
resolution. For example, this includes 
removing specific regions from _high- 
resolution images and resampling them 
for detailed analysis (Thévenaz_ et 
al.,2000). 

Image preprocessing is a critical 
step in making biomedical images suitable 
for analysis. Techniques such as noise 
contrast 


removal, adjustment, 


sharpening, artifact correction, color 


correction, and normalization improve 
image quality, enabling more accurate 
and detailed examination of biological 
structures. These pre-processing steps 
improve the accuracy and reliability of the 
results obtained in biomedical research, 
contributing significantly to scientific 


advances. 


Fiji and ImageJ are widely used 
open-source software for biomedical 
image analysis. They provide powerful 
tools for implementing image 
preprocessing techniques with  user- 
friendly interfaces and extensive plug-in 
support. Fiji, in particular, allows users to 
automate and customize image 
processing operations with its extended 
functionality and = easy _ integration 
features. ImageJ, on the other hand, is 
widely preferred in biomedical research 
with its large user base and constantly 
updated plugins (Goldstein et al., 2017; 


Shivanandan et al., 2013). 
1.3.2. Image Segmentation 


Image segmentation is the process 
of identifying and separating specific 
structures or regions in biomedical 
images. This process enables detailed 
analysis of cells, organelles, tissues, or 
other biological structures. Segmentation 
is one of the fundamental stages of 
biomedical image analysis and is a critical 
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pre-processing step for subsequent 
quantitative analysis. The segmentation 
process can be performed using manual, 
semi-automated, and automated 
methods, and each method has _ its 


advantages and disadvantages. 


Manual segmentation is a method 
where the researcher manually identifies 
specific regions on the image. This 
approach provides high accuracy and user 
control but can be time-consuming and 
Manual 


tedious on large data sets. 


segmentation is particularly useful in 


images containing complex and 


heterogeneous structures. Researchers 
can precisely identify specific structures 
using drawing tools and features such as 
ROI (Region of Interest) identification. For 
example, manually determining the 
dendritic structure of a neuron or the 
boundaries of a tumor cell is important for 
detailed and accurate analysis (Conci et 
al., 2015; Vannier et al., 1998). 
Semi-automated segmentation 
speeds up the segmentation process by 
combining user input with computer 
algorithms. In this method, the user 
specifies starting points or sample regions 
and the algorithm performs’ the 
segmentation based on this information. 
reduce 


Semi-automated methods 


processing time and workload while 


maintaining the accuracy of manual 
segmentation. For example, the “Active 
Contour“ algorithm determines the 
boundaries of objects based on user- 
specified starting points. “The Watershed“ 
algorithm segments objects using 
intensity differences in the image. These 
techniques allow for faster and more 
efficient segmentation of cells or 
organelles (Banerjee et al., 2017; Karami 
et al.,2016; Li et al., 2020) 

Automatic segmentation identifies 
specific structures or regions in the image 
using fully automated algorithms. This 
method enables fast and _ consistent 
data 


algorithms 


segmentation in large sets. 


Automatic 


typically 
techniques, 


segmentation 


utilize image processing 


machine learning, and 


artificial intelligence methods. Common 


automatic segmentation techniques 
include thresholding, clustering, 
morphological operators, and deep 


learning-based algorithms (Cruz-Aceves 
et al.,2016; Fasihi et al., 2016; Haque et 
al.,2020; Patra et al., 2013). 
Thresholding is a simple automatic 
segmentation method where pixels above 
or below a certain brightness level are 
Global 
thresholding segments the entire image 


selected for segmentation. 


using a single threshold value, while 


adaptive thresholding uses thresholds that 
vary according to local regions. This 
technique is effective for the 
segmentation of cell nuclei or specific 
biomolecules (Rojas-Moraleda et 
al.,2017). Clustering algorithms perform 
segmentation by grouping pixels with 
similar characteristics. Techniques such as 
K-means, fuzzy C-means, and Gaussian 
mixture models are used to _ identify 
differences between biological structures. 
For example, the K-means_ algorithm 
identifies different cell types or tissue 
regions by sorting the pixels in the image 
into a certain number of clusters (Icer et 
al., 2013; Salah Hassan et al.,2021). 
Morphological operations perform 
segmentation using the shape and 
connectivity properties of structures in the 
image. Processes such as_ erosion, 
expansion, opening, and closing provide 
clear identification of biological structures. 
These techniques allow cellular and 
tissue-level structures to be _ better 
analyzed. For example, erosion and 
expansion processes allow cell boundaries 
to be more clearly delineated (S. Chen et 
al., 2012). 

Machine learning and deep 
learning algorithms are increasingly used 
in biomedical image segmentation. These 


methods can be trained on large datasets 


to automatically segment complex 
structures. Deep learning-based 
approaches, especially using neural 
networks, allow the identification of 
biological structures such as cells, tissues, 
and organelles with high accuracy. These 
algorithms enable faster and more 
accurate segmentation in biomedical 
image analysis. In particular, 
convolutional neural networks (CNN) are 
capable of recognizing even fine 
structures in biomedical images (Dalca et 
al.,2018). 

The performance of segmentation 
methods is evaluated based on criteria 
such as accuracy, sensitivity, specificity, 
and computational cost. These 
evaluations are important to determine 
the effectiveness of segmentation 
algorithms and to enable comparison of 
different methods. Accuracy measures 
how close the segmentation results are to 
reality, while sensitivity and specificity 
determine the true positive and true 
negative rates of the segmentation 
process. Computational cost indicates how 
long and with what resources the 
algorithm performs the segmentation 
process. 


Image segmentation is a 
fundamental component of biomedical 


image analysis and is critical for accurate 
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and reliable analysis. Manual, semi- 
automated, and automated segmentation 
methods each offer different advantages 
and application areas. These techniques 
allow detailed and accurate identification 
of biological structures, contributing to 
biomedical 


significant advances in 


research. 
1.3.3. 3D Reconfiguration 


3D reconstruction is a process by 
which 2D slices in biomedical images are 
combined to create 3D structures. This 
process enables detailed analysis of the 
three-dimensional organization of 
biological structures such as cells, tissues, 


and organs. 


3D reconstruction is a critical tool 
for understanding tissue morphology, 
cellular interactions, and biomechanical 
properties in biomedical research. This 
process is accomplished using surface and 
volume reconstruction techniques, and 
both methods have their own advantages 
and application areas (Marro et al., 2016). 
creates 3D 


Surface —_ reconstruction 


models that represent the external 
surfaces of biological structures. This 
technique typically works by converting 
surface data into 3D polygon meshes. 
Surface reconstruction is useful for the 
detailed study of cell membranes, tissue 


surfaces, and the external structures of 


organs. This method creates 3D surface 
models by combining contour data from 
microscopic images. For example, 3D 
models of cell surfaces can be created 
using serial sections obtained by confocal 
microscopy (Chen et al., 2007). 

Volume reconstruction creates 3D 
models representing all internal and 
external volumes of biological structures. 
This technique is usually performed by 
direct processing of volumetric data and 
enables more detailed internal structure 
analysis. Volume reconstruction is used 
for the study of intracellular organelles, 
tissue compartments, and complex 
biological structures. For example, serial 
sections obtained by multiphoton 
microscopy allow the creation of 3D 
models of the internal structures of cells 
(Chakraborty et al., 2011). 

The 3D reconstruction process 
requires the processing of large amounts 
of data. Therefore, powerful computer 
hardware and = software are used. 
Alignment, filtering, and segmentation of 
image data are important steps in the 
reconstruction process. The correct 
alignment of the data ensures the 
accuracy and consistency of the 3D 
models. Filtering and segmentation 
processes ensure that biological structures 


are clearly defined and unnecessary data 


is eliminated. Visualization software allows 
interactive inspection and analysis of 3D 
models. They make it easy to study and 
present the three-dimensional structure of 
biological structures in detail. 

3D reconstructions are performed 
using customized’ algorithms and 
software. Thes softwares offers a variety 
of tools and methods for aligning and 
combining 2D sections and creating 3D 
models. For example, open-source 
softwares and commercial softwares are 
widely used to facilitate 3D reconstruction 
processes. These softwares allows users 
to create customized 3D models according 
to specific research needs (Haase et al., 
2022; Kankaanpda et al., 1929; Liang et 
al., 2002; Swedlow et al., 2009). 

3D reconstruction has a wide 
range of applications in biomedical 
research. In neuroscience, examining the 
3D structure of brain tissue enables 
detailed mapping of neurons = and 
synapses (Ropireddy & Ascoli, 2011). In 
oncology research, the three-dimensional 
organization of the tumor 
microenvironment and cancer cells helps 
to understand the mechanisms of tumor 
growth, metastasis, and resistance to 
therapy (Chao et al., 2001; Merrill et al., 
2016). In developmental biology, 
3D 


tracking of embryonic developmental 
processes reveals the dynamics of cell 
differentiation and tissue morphogenesis 
(Khairy et al., 2011). 

The performance of 3D 
reconstruction methods is _ evaluated 
based on criteria such as accuracy, 
resolution, computational cost, and 
visualization quality. These evaluations 
are important to determine’ the 
effectiveness of reconstruction algorithms 
and to enable comparison of different 
methods. Accuracy measures how close 
the reconstruction results are to reality, 
while resolution determines the level of 
detail and precision of 3D models. 
Computational cost indicates how long 
and with what resources the algorithm 
performs the reconstruction process. 

3D reconstruction is a fundamental 
component of biomedical image analysis, 
allowing detailed and accurate 
examination of biological structures. 
Surface and volume __ reconstruction 
techniques each offer different 
advantages and application areas. 

These techniques contribute to 
significant advances in biomedical 
research, enabling more comprehensive 
and precise analysis of _ biological 


structures and processes. 
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1.3.4. Quantitative and Qualitative 


Analysis 


Quantitative and qualitative analysis 
involves the quantitative and qualitative 
assessment of structures and processes in 
biomedical images. These analyses 
provide in-depth information about the 
morphology, composition, dynamics, and 
function of biological samples. 
Quantitative analysis focuses on obtaining 
numerical data, while qualitative analysis 
involves the identification and 
interpretation of structures and processes. 


Both types of analysis are critical in 


biomedical research and complement 
each other. 
One of the main applications of 


quantitative analysis is cell counting and 
cell density determination. This analysis 
provides a quantitative assessment of 
biological processes by measuring the 
number and distribution of cells in a given 
area or volume. Cell counting is used, for 
example, to determine the proliferation 
rates of tumor cells in cancer research or 
to assess the density of neurons in specific 
brain regions in neurological research. Cell 
density measurements help to identify 
pathological changes by analyzing the 
Spatial distribution of cells and tissue 
homogeneity (Bernal et al., 2009; 
Armstrong, 2003; Mdlder et al., 2008). 


Morphological analyses are quantitative 
methods that assess the shape, size, and 
geometric properties of _ biological 
structures. Parameters such as cell size, 
nucleus-to-cytoplasm ratio, cell perimeter, 
and cell morphology are important in the 
assessment of biological processes and 
conditions. For 


pathological example, 


changes in cell size may _ indicate 


processes of apoptosis or _ cell 
differentiation. Morphological analyses are 
also used to study cell movements and 
cellular dynamics (Blandel et al.,2018; 
Mogilner et al.,2002; Vishnubalaji et al., 
2012). 

Time dependent analysis is used to study 
the dynamics of biological processes. 
These methods allow the evaluation of 
changes in biological structures and 
processes over time by analyzing images 
taken at regular intervals. Time series 
analysis is used to study processes such 
as cell division, cell movement, calcium 
signaling, and other cellular dynamics. 
These analyses can be combined with live 
cell imaging techniques, enabling real- 
time monitoring of biological events. 

An important component of qualitative 
analyses is colocalization analysis. This 
method is used to determine whether the 
cellular localizations of two or more 


biomolecules overlap. Colocalization 


analyses are critical for understanding 
protein-protein interactions, signaling 
pathways, and the spatial organization of 
cellular processes. For example, by 
examining the intracellular distribution of 
specific proteins with fluorescent labeling, 
the interactions and co-localization of 
these proteins can be assessed (Nketia et 
al., 2000). 

Qualitative analyses also include the 
assessment of tissue composition and 
structural properties. These analyses 
reveal tissue organization and functional 
structure by examining the distribution, 
proportions, and relationships of different 
components of biological tissues (Chang 
et al.,2002). 
For example, histological staining 
techniques can be used to examine the 
distribution of cellular and extracellular 
matrix components in tissue sections. 
These analyses are important in 
understanding pathological conditions and 
tissue degeneration (Diamond et al., 
2004). 

The results of quantitative and qualitative 


analyses are evaluated and visualized 


using statistical methods. Statistical 
analyses are used to determine the 
significance of data sets and test biological 
hypotheses. Visualization techniques 
facilitate the graphical presentation and 
interpretation of analysis _ results. 
Visualization tools such as histograms, 
scatter plots, 3D models, and heat maps 
help present biological data more 
understandably and effectively (Klemm et 
al., 2015). 

Quantitative and qualitative analyses 
provide a comprehensive and accurate 
assessment of the data acquired in 
biomedical imaging. These analyses 
contribute to a deeper understanding of 
biological structures and _ processes, 
leading to significant advances in 
biomedical research. Methods such as cell 
counting, morphological measurements, 
protein and gene expression analysis, time 
series analysis, colocalization analysis, 
and tissue composition analysis play a 
critical role in the quantitative and 
qualitative evaluation of _ biological 


samples. 
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2.1.1. Neurohistology 


Neurohistology is a discipline that 
studies the structural and functional 
organization of the nervous system (DeFelipe 
et al.,1992). 3D _ histological imaging 
techniques allow a detailed analysis of the 
three-dimensional structure of brain and 
nervous tissue. These techniques reveal the 
spatial distribution of neurons, synapses, and 
glial cells and _ their _ interactions 

Mapping Neuronal Structure and 
Connectivity: 3D _ histological imaging 
techniques make it possible to study the 
morphology and connectivity of neurons at 
high resolution. The  three-dimensional 


organization of synapses and dendritic 
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(Helmstaedter et al.,2008). Advanced 
imaging methods such as_ confocal 
microscopy, multiphoton microscopy, and 
light sheet microscopy enable detailed 
mapping of nerve cells in brain slices or 
whole organisms. This enables in-depth 
research on topics such as nervous system 
development, plasticity, neurodegenerative 
diseases, and nerve regeneration (Ardigo et 
al., 2009; Centeno et al., 2018; Tian et al., 
2023; Uckermann et al., 2017). 


3D Histological Imaging in Neurohistology 
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Analyzing neuron 3D imaging is used to This imaging method is 
migration, proliferation observe the nerve used to map the nervous 
and differation process. regeneration process system organs and 
following nerve damage. identify diagnoses of any 
disease or disorder. 


Figure 1: 3D histological imaging for using 


in neurohistology. 


branching allows a detailed mapping of 
neural network connections. This is critical 
for understanding the connections and 
communication pathways between brain 
regions. For example, a detailed map of 
neurons and synapses helps to understand 
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the synaptic plasticity underlying learning 
and memory processes (Friedmann et al., 
2020; Gleeson et al., 2007) (Figure 1). 


Neurodegenerative Diseases: 
The pathology of neurodegenerative 
diseases such as Alzheimer's, Parkinson's, 
and Huntington's disease is characterized by 
microscopic changes in brain tissue. 3D 
imaging techniques’ allow detailed 
examination of neuronal loss, protein 
aggregates, and other pathological changes 
in these diseases. For example, in 
Alzheimer's disease, the distribution and 
effects of beta-amyloid plaques and tau 
protein tangles in brain tissue can be 
visualized in three dimensions. This allows us 
to better understand the progression and 
effects of the disease and identify potential 
treatment targets (Heck et al., 2012; 
Knudsen & Borghammer, 2018; Thompson 


et al., 2007). 


Nerve Regeneration and 
Plasticity: Studies of nerve regeneration 
and synaptic plasticity are important for 
understanding the capacity of the nervous 
system to recover after injury and the 
remodeling of neuronal connections. 3D 
imaging techniques’ allow detailed 
monitoring of regenerative processes in 
neural tissue and the formation of new 


synaptic connections. For example, a three- 
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dimensional analysis of nerve regeneration 
after spinal cord injury can be used to 
evaluate the effectiveness of regenerative 
therapies (Hilton et al., 2019; Joung et al., 
2019) (Figure 1). 


Developmental Neurobiology: 
Migration of neurons, differentiation, and 
formation of connections are _ critical 
processes during the development of the 
brain and nervous system. 3D histological 
imaging techniques make it possible to study 
the development of the nervous system in 
detail during the embryonic and postnatal 
periods. These techniques allow processes 
such as neural tube formation, layering of 
the cerebral cortex, and the formation of 
synaptic connections to be observed in three 
dimensions. This provides important 
information for understanding normal brain 
development and the mechanisms _ of 
developmental disorders (Cutrale et al., 


2019; Guy et al., 2021) (Figure 1). 


Role of Glial Cells: Glial cells are 
supporting cells of the nervous system and 
regulate the function of neurons, synaptic 
activity, and brain homeostasis. 3D imaging 
techniques allow a detailed study of the 
morphology and distribution of glial cells and 
their interactions with neurons. In particular, 
the inflammatory responses of astrocytes 
and microglia and the roles they play in 


pathological conditions can be investigated in 
detail with these techniques (Goyal et al., 
2023; Hirbec et al., 2020). 


DELIVR: Advanced Brain Science 
without Coding Expertise: Developed by 
researchers at Helmholtz Munich and LMU 
University Hospital Munich, DELiVR (Deep 
Learning and Virtual Reality mesoscale 
annotation) is a new Al-based approach that 
does not require coding knowledge for 
complex tasks such as cellular mapping of 
the brain. DELiVR enables biologists to 
effectively investigate the cellular dynamics 
associated with disease and promotes the 
development of precision therapies. Using 
virtual reality (VR) technology, DELIVR allows 
researchers to directly anode cells in 3D 
microscopic images, speeding up this 
process. These VR-generated labels are used 
to train AI algorithms for the automatic 
identification of active neurons. DELIVR 
integrates with open-source software such 
as Fiji, combining the process of detecting 
cells, mapping them to a brain atlas, and 
visualizing the results into a single end-to- 
end workflow. Furthermore, DELiVR's 
customizable functionality allows researchers 
to train for specific cell types, for example, 
microglia, the key immune cells in the brain. 
This technology democratizes the three- 
dimensional analysis of brain activity, 
providing a broad scientific reach without 


coding expertise and allowing for significant 


advances in neurological research 


(Kaltenecker et al., 2024). 


3D_ histological imaging enables 
significant advances in the field’ of 
neurohistology. These techniques contribute 
to a better understanding of normal and 
pathological conditions by studying in depth 
the structural and functional organization of 
the nervous system. Studies on neuronal 
structures and connections, 
neurodegenerative diseases, nerve 
regeneration, developmental neurobiology, 
and the role of glial cells can be carried out 
in a more comprehensive and detailed 


manner thanks to 3D imaging techniques. 
2. 1.2. Cancer Research 


3D histological imaging techniques 
have great potential in cancer research. 
These techniques allow a detailed study of 
the three-dimensional organization of the 
tumor microenvironment and cancer cells. 
The spatial distribution of cancer cells and 
surrounding stromal cells is critical in 
understanding the mechanisms of tumor 
growth, metastasis and resistance to therapy 
(Gomariz et al., 2018). 3D imaging 
techniques also play an important role in 
evaluating the efficacy of cancer treatments 
and identifying new therapeutic targets. The 


tumor microenvironment includes cancer 


bb, 


cells as well as various components such as 
stromal cells, immune cells, blood vessels, 
and extracellular matrix. 3D histological 
imaging makes it possible to analyze in detail 
the distribution and interactions of these 
components within the tumor (Karayegen et 
al.,2021). Techniques such as_ confocal 
microscopy and multiphoton microscopy 
provide clear images deep into the tumor 
tissue, revealing the complex structure of the 
tumor microenvironment (Forest et al., 
2015; Provenzano et al., 2009). This 
provides important information for 
understanding the effects of cellular and 
molecular changes in the — tumor 
microenvironment on cancer progression. 
Metastasis is the process by which cancer 
cells detach from the primary tumor and 
spread to distant organs and is one of the 
most important factors in the lethality of 
cancer (Henriquez et al., 2007). 3D imaging 
techniques make it possible to track the 
movement of metastatic cells through the 
body and the formation of new tumor 
colonies. For example, using light sheet 
microscopy in live animal models, the entry 
and circulation of cancer cells into the 
vascular system and the formation of 
secondary tumors can be monitored in real- 
time. This enables a better understanding of 


the metastasis process and the development 
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of strategies to prevent metastasis (Fu, 
2018). 


The interactions of immune cells with 
the tumor microenvironment are of great 
importance in cancer immunology.3D 
imaging techniques make it possible to study 
in detail how immune cells infiltrate into the 
tumor, how they interact with cancer cells, 
and the effects of these interactions on 
tumor progression. This helps to develop 
new strategies to improve the effectiveness 
of immunotherapies (Nishida-Aoki et al., 
2019). For example, with multiphoton 
microscopy, the movement and activity of 
immune cells in the tumor microenvironment 
can be monitored live (Zal & Chodaczek, 
2010). 


3D imaging techniques are used to 
evaluate the effectiveness of cancer 
treatments. These techniques allow detailed 
analysis of tumor volume, cell death, and 
changes in the tumor microenvironment 
after treatment. For example, by taking 3D 
images of tumor tissue after radiotherapy or 
chemotherapy, the degree of response to 
treatment and the presence of treatment- 
resistant cells can be determined. This 


provides important information for 
optimizing treatment protocols and 
developing personalized treatment 


approaches (Van Ineveld et al., 2022). 


3D imaging techniques help to 
develop targeted therapies by molecular 
profiling of cancer cells and the tumor 
microenvironment. By analyzing specific 
gene expression changes and_ protein 
localization, these techniques enable the 
identification of specific molecules that can 
be targeted in cancer therapy. For example, 
protein expression changes in a particular 
tumor allow the development of targeted 
inhibitors (Kievit & Zhang, 2011). 


3D histological imaging techniques 
provide significant advances in cancer 
research. These techniques provide critical 
information in areas such as detailed analysis 
of the tumor microenvironment, monitoring 
the metastasis process, cancer immunology 
studies, and evaluation of therapy 


responses. 
2.1.3. Developmental Biology 


In developmental biology, 3D 
histological imaging techniques allow the 
detailed study of embryonic and postnatal 
development. By visualizing the three- 
dimensional organization and dynamics of 
cells, tissues, and organs, these techniques 
help us understand normal developmental 
processes as well as the mechanisms of 


developmental disorders. 


3D histological imaging plays a critical 
role in studying fundamental processes in 


embryonic development, such as_ cell 
migration, differentiation, and 
morphogenesis. For example, light sheet 
microscopy is ideal for live tracking of cell 
movement and tissue formation in the early 
stages of embryonic development. This 
technique allows long-term imaging of 
embryonic structures at high resolution and 
with minimal phototoxicity. This allows a 
detailed understanding of how cells are 
organized and guided by signals during 
embryonic development and how different 
tissues and organs are formed (Nerger et al., 
2017; Yamada et al., 2019). 


Organogenesis is the process by 
which organs are formed during embryonic 
development.3D imaging techniques reveal 
the three-dimensional organization of cells 
and tissues at various stages of this process. 
For example, confocal microscopy 
microscopy allows a detailed study of the 
cellular § structure and intercellular 
interactions of developing organs. These 
techniques visualize the processes by which 
organs form, grow, and develop complex 
structures, providing important information 
to identify critical events in organogenesis 
and potential sources of developmental 


disorders (Zucker et al., 2014). 


Cell differentiation is the process by 
which certain cell types mature to acquire 
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specialized functions. 3D imaging techniques 
help us understand the dynamics of this 
process by tracking the spatial distribution 
and morphological changes of differentiating 
cells. For example, developmental biology 
research is used to study the transformation 
of stem cells into specific cell types and the 
signaling pathways involved in this process. 
This provides critical information for 
understanding the control mechanisms of 
cell differentiation and the causes of 
differentiation disorders (Lee et al., 2008). 


3D histological imaging is also an 
important tool in understanding the 
mechanisms and pathologies of 
developmental disorders. Developmental 
disorders can occur due to_ genetic 
mutations, environmental factors, or 
unknown causes and can affect the normal 
developmental processes of the organism 
(Mohun et al., 2013). 3D imaging techniques 
enable a detailed study of the effects of 
these disorders at the cellular and tissue 
level. For example, abnormalities in heart 
development or structural defects in the 
nervous system can be analyzed at high 
resolution with 3D imaging, enabling a better 
understanding of pathological processes and 
the development of potential therapeutic 
approaches (Zonneveld,2023; Parvaz et al., 
2023; Raiola et al., 2023) 


36 


Understanding the genetic and 
molecular basis of developmental processes 
is an important component of developmental 
biology.3D histological imaging techniques 
reveal genetic and molecular changes in 
developmental processes by _ spatially 
analyzing gene expression and _ protein 
localization. For example, using in_ situ 
hybridization or fluorescent labeling 
methods, one can examine in detail where 
and when specific genes or proteins are 
expressed during developmental processes. 
This helps us understand the functions of 
genes and molecules that play critical roles 
in developmental processes (Vdadndanen et 


al., 2023). 


3D histological imaging techniques 
can also be used to monitor the development 
of living organisms in real-time and to 
perform time series analyses. This makes it 
possible to monitor the dynamic movements 
and interactions of cells and tissues. For 
example, in model organisms such as 
zebrafish embryos, light sheet microscopy is 
used to monitor and analyze developmental 
processes in detail. These techniques help us 
understand the dynamics of developmental 
processes over time and how these 
processes are regulated (Eschbacher et al., 
2012; Gottrup et al., 2005; Sun et al., 2020). 


3D histological imaging techniques 
have enabled significant advances in the field 
of developmental biology. These techniques 
enable detailed and comprehensive analysis 
of embryonic development, organogenesis, 
cell differentiation, developmental disorders, 
and genetic and molecular basis. A better 
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Figure 2: Schematic representation of the 


human organ systems. 


3D_ histologic imaging techniques 
have wide applications in many medical and 
including 


biological research fields, 


neurohistology, cancer research, and 
developmental biology. By examining the 
three-dimensional structure and functional 
relationships of cells, tissues, and organs in 
detail, | these techniques — contribute 
significantly to the understanding of the 
pathophysiology of various diseases, their 
response to treatment, and _ biological 


processes. 


understanding of developmental processes is 
critical for identifying the mechanisms of 
normal development and the causes of 
developmental disorders. This enables the 
development of new areas of research and 
therapeutic approaches in developmental 
biology. 


Cardiovascular Research: 
Cardiovascular diseases are the leading 
cause of death worldwide. 3D _ histological 
imaging techniques allow detailed study of 
the structural and functional properties of 
the cardiovascular system (Figure 2). For 
example, the three-dimensional organization 
of heart muscle cells, the structure of blood 
vessels, and the — distribution — of 
atherosclerotic plaques can be analyzed with 
3D imaging. These techniques provide 
critical information for early diagnosis of 
heart disease, development of treatment 
strategies, and understanding of cardiac 
regeneration processes (Burton et al., 2006; 


Gibb et al., 2012). 


Respiratory System Research: 
Respiratory diseases include conditions such 
as asthma, chronic obstructive pulmonary 
disease (COPD), and lung cancer (Chaunzwa 
et al., 2021; Thiboutot et al.,2019). 3D 
histologic imaging techniques allow detailed 
examination of lung tissue and airways. 


Three-dimensional analysis of lung alveoli, 
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bronchi, and vascular structures is important 
for the pathophysiology of respiratory 
diseases and the development of therapeutic 
approaches. In particular, the study of 
cellular changes and inflammatory responses 
in the microenvironment of lung tissue helps 
to understand the mechanisms of respiratory 
diseases (Katsamenis et al.,2019). 


Gastrointestinal System 
Research: The — gastrointestinal tract 
involves essential functions such as digestion 
and nutrient absorption. 3D_ histological 
imaging techniques allow a detailed study of 
the structural and functional organization of 
the gastrointestinal tract. For example, the 
three-dimensional structure of intestinal villi 
and crypts, the effects of the microbiome on 
the intestinal surface, and the 
pathophysiology of gastrointestinal diseases 
can be analyzed with 3D imaging. This 
enables a_ better understanding and 
treatment of inflammatory bowel disease, 
colon cancer, and other gastrointestinal 


disorders (Goetz et al., 2007). 


Regenerative Medicine: 
Regenerative medicine is a branch of 
medicine that aims to regenerate damaged 
tissues and organs. 3D histological imaging 
techniques are critical for evaluating the 
effectiveness of regenerative medicine 


applications such as tissue engineering and 
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stem cell therapies (Sinibaldi et al., 2018). 
These techniques enable detailed 
examination of the three-dimensional 
structure and integration of bioengineered 
products, tissue scaffolds, and stem cell 
implants. For example, analyzing the 
integration of a bioengineered skin graft with 
living tissue using 3D imaging provides 
important information for the optimization of 
treatment strategies (Baltazar et al., 2020). 


Musculoskeletal Research: 
Musculoskeletal diseases include conditions 
such as osteoporosis, arthritis, and muscular 
dystrophy (Beckmann et al.,1998.; Klyen et 
al., 2011; Link, 2012). 3D_ histological 
imaging techniques enable detailed analysis 
of structural features and _ pathological 
changes in bone and muscle tissue (Figure 2) 
. The three-dimensional organization of bone 
density, trabecular structure, and muscle 
fibers provides important insights into 
understanding the mechanisms and 
treatment approaches of these diseases. 
Furthermore, 3D imaging techniques play a 
critical role in bone and muscle regeneration 


research. 


Dermatology Dermatologic research 
studies conditions such as skin diseases and 
skin cancers. 3D_ histological imaging 
techniques allow for detailed analysis of skin 
tissue and subcutaneous structures (Al- 


Arashi et al., 2007). The three-dimensional 
organization of skin cells, collagen fibers, and 
blood vessels is important for understanding 
the pathophysiology of skin diseases and 
treatment approaches. For example, the 
invasion and metastasis of skin cancer can 


be studied in detail with 3D imaging. 


3D histological imaging techniques 
provide significant advances in a wide range 
of fields in medicine and biology. These 
techniques help us_ understand the 
mechanisms and treatment approaches of 
diseases by examining the structural and 
functional properties of various organs and 
systems in detail. Research in areas such as 
cardiovascular, respiratory, gastrointestinal, 
renal, regenerative medicine, infectious 
diseases, musculoskeletal, and dermatology 
can be conducted in a more comprehensive 
and detailed manner thanks to 3D imaging 
techniques. This accelerates advances in 
medical and biological sciences, contributing 
to more effective treatment of diseases and 
improved quality of life. 


2.2. Current Developments and Future 
Perspectives 


3D histological imaging and image 
processing techniques are _ constantly 
evolving and innovating in biomedical 
research and clinical applications. Current 


developments and future perspectives in 


these fields are accelerating scientific 
advances, enabling research to be performed 
more precisely, efficiently, and 


comprehensively. 


In recent years, significant advances 
have been made in 3D imaging technologies. 
Super-resolution microscopy techniques 
allow the visualization of nanometer-scale 
details, enabling more detailed analysis at 
the cellular and molecular level. 
Furthermore, innovative methods such as 
light sheet microscopy enable 3D imaging of 
large volumes of samples at high speed and 
with low phototoxicity, offering great 
advantages, especially in developmental 
biology and neurological research (Kume, 
2021; Liang et al., 2017). 


Artificial intelligence (AI) and 
machine learning are revolutionizing the 
analysis and interpretation of 3D histological 
images. AI-based algorithms enable fast and 
accurate processing of large data sets, 
overcoming the limitations of manual 
analysis. Deep learning methods are being 
used for the automatic segmentation and 
classification of biological structures, 
allowing researchers to analyze data more 
efficiently and precisely. Innovations in this 
field have great potential, especially for the 
analysis of high-volume and complex data 
sets (Kilic, 2024; Zhao et al., 2020). 


oo 


Multiscale imaging approaches 
enable detailed examination of biological 
samples at _ different resolutions and 
dimensions. Integrating macro-level 
structures with microscopic details allows for 
a more comprehensive understanding of 
biological processes. For example, an 
analysis that begins by visualizing the overall 
structure of an organ can then continue with 
details at the cellular and molecular level. 
This integration allows tissues and organs to 


be examined from a holistic perspective. 


The wide range of applications of 3D 
histological imaging techniques is also 
shaping future research directions. The use 
of these techniques is increasing, especially 
in areas such as personalized medicine, 
regenerative medicine, and cancer 


treatment. In personalized medicine 
approaches, treatment strategies can be 
optimized by using patient-specific 3D tissue 
and organ models. In regenerative medicine, 
the effectiveness of bioengineering products 
and stem cell therapies can be evaluated 
with 3D imaging to improve treatment 
processes. In cancer treatment, 3D analysis 
of the tumor microenvironment and 
metastatic processes contributes to the 
development of more targeted and effective 


treatment strategies. 
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3D histological imaging techniques 
are being further advanced by combining 
different disciplines such as_ biology, 
medicine, engineering, and computer 
science. Interdisciplinary approaches enable 
more innovative and comprehensive 
research projects to be realized by combining 
different areas of expertise. In particular, 
collaborations in bioinformatics and image 
analysis offer innovative solutions for the 


processing and analysis of large data sets. 


In the field of 3D histological imaging, 
challenges in data storage, processing, and 
analysis remain. The management and 
analysis of large data sets require high 
computational power and_ sophisticated 
algorithms. However, advances in cloud 
computing and parallel processing 
technologies can help overcome these 
challenges. Furthermore, reducing the cost 
and increasing the accessibility of imaging 
techniques will enable these technologies to 


be used by a wider research community. 


In conclusion, current developments 
and future perspectives in 3D _ histological 
imaging and image processing offer great 
potential in biomedical research. New 
techniques and technologies, applications of 
artificial intelligence and machine learning, 
multiscale 


imaging approaches, and 


interdisciplinary collaborations will contribute 


to further advancing research in this field. 
These advances will contribute to a better 
understanding of diseases, the development 
of new treatment strategies, and the 


improvement of human health in general. 
2.3. Conclusion 


3D histological imaging and image 
processing techniques are revolutionizing 
biomedical research. These techniques allow 
a detailed study of the three-dimensional 
structure of cells, tissues, and organs, 
leading to a deeper understanding of 
biological processes. The use of these 
techniques in  neurohistology, cancer 
research, developmental biology, and other 
fields of medical and biological research 
increases scientific knowledge, contributing 
to more effective treatment of diseases and 


improving human health in general. 


In the field of neurohistology, 3D 
imaging techniques make it possible to study 
in detail the three-dimensional organization 
and interactions of neurons, synapses, and 
glial cells. This provides important insights 
into the development of the nervous system, 
neurodegenerative diseases, and nerve 
regeneration. In cancer research, 3D 
analysis of the tumor microenvironment, 
metastasis processes, and immune 
responses allows us to better understand the 


pathophysiology of cancer and develop 


targeted therapies. In the field of 
developmental biology, 3D _ analysis of 
embryonic development, organogenesis, and 
cell differentiation reveals normal and 


abnormal developmental mechanisms. 


Artificial intelligence and machine 


learning applications overcome _ the 
limitations of manual analysis by making the 
analysis and interpretation of 3D histological 
images faster and more accurate. Multiscale 
detailed 


examination of biological samples at different 


imaging approaches’ enable 
resolutions and dimensions, contributing to a 
holistic understanding of tissues and organs. 
Interdisciplinary collaborations enable more 
innovative and comprehensive research 
projects by combining different areas of 


expertise. 


Despite the ongoing challenges in 3D 
histological imaging, technological advances 
in data storage, processing, and analysis are 
helping to overcome these challenges. Cloud 
computing and parallel processing 
technologies make the management and 
analysis of large data sets more accessible 
and efficient. Furthermore, reducing the cost 
and increasing the accessibility of imaging 
techniques enables these technologies to be 


used by a wider research community. 


In conclusion, 3D histological imaging 
and image processing techniques have made 
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and continue to make significant advances in 
biomedical sciences. These techniques will 
contribute significantly to a better 
understanding of diseases, the development 
of new treatment strategies, and the 
improvement of human health in general. 
Future research and technological advances 
will further increase the potential of 3D 
imaging techniques, leading to discoveries 
and innovative treatment approaches in 


biomedical research. 
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3.1. Introduction 

Repeated traumatic brain injury (TBI) 
results in the neurodegenerative disease 
known as chronic traumatic 
encephalopathy (CTE) (Critchley, 1957). In 
1928, Harrison Martland, an American 
pathologist, reported that boxing could 
have chronic neuropsychiatric effects and 
described this disease as ‘dementia 
pugilistica'. These early observations were 
later elaborated with more reports. A 
characteristic clinical picture of the disease 
was established, including personality 
changes, psychiatric symptoms, memory 
impairment, emotional lability and 


dementia (Mawdsley & Ferguson, 1963). 
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For a long time, CTE was considered to be 
a syndrome affecting only — boxers. 
Nonetheless, pathologic analyses of the 
brains of former NFL players performed by 
Dr. Bennet Omalu in 2005 produced results 
that were consistent with CTE (B. I. Omalu 
et al., 2005). According to recent studies, 
neuropathological alterations in the brains 
of war veterans with documented head 
traumas can also be explained by CTE, 
which can originate from a variety of head 
injuries. Due to the fact that CTE can occur 
as a result of various head injuries, CTE is 
known as a disease that causes concern in 
society (Goldstein et al., 2012). 


CTE is a pathological condition confirmed 
by postmortem pathology. Brain damage in 
patients with CTE is often cumulative and 
can have long-term consequences such as 
cognitive decline. Because CTE exhibits 
very similar symptoms to many other 
neuropsychiatric disorders, it is not only 
difficult to identify, but is often difficult to 
diagnose. CTE manifests in a variety of 
ways, but acute cognitive loss, often 
occurring within minutes or hours, can 
follow TBI, stroke or seizures (Smith et al., 
2013). 
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According to reports, there is a TBI in the 
US every 15 seconds. TBIs frequently heal 
without having a major negative impact on 
neuropsychiatry (Stein & Crary, 2020). 
Nonetheless, athletes and military 
personnel who have had repeated TBI have 
been linked to incurable CTE. These 
numbers indicate that there are an 
estimated nearly two million new brain 
injuries annually, resulting in medical 
expenses estimated at 77 billion dollars 
(Fesharaki-Zadeh, 2019). 


3.2. Epidemiology of CTE 


A comprehensive epidemiologic analysis for 
CTE is not yet available. Most existing 
studies are based on retrospective analysis 
focusing on populations at risk of recurrent 
TBI (McKee et al., 2009). TBI from 
particular sports (boxing, American 
football, soccer, and hockey) was linked to 
the neuropathologic alterations seen in CTE 
in men with a mean age of 42.8 years, 
according to a study of the literature that 
included 47 confirmed cases of CTE. 
Insufficient research has been done on 
women to conclusively link repeated 
traumatic brain injury to CTE (B. I. Omalu 
et al., 2005). 


Apolipoprotein E (ApoE) is a_ protein 
involved in fat metabolism; some research 
indicates that variations in this protein may 
raise the risk of Alzheimer's disease (AD) 
and CTE. Epidemiologic research has not 


yet been done to verify the likelihood of this 
genetic propensity (Montenigro et al., 
2014). Furthermore, compared to post-TBI 
patients who do not possess the ApoE 
allele, those who do genetically contain the 
ApoE allele may be more prone to 
experience serious brain injuries following a 
traumatic brain injury. The risk of CTE is not 
predicted by age, gender, or ethnicity 
(Gavett et al., 2011). 


For CTE prevalence estimates to be more 
reliable, more research is needed to 
compare individuals with a history of 
recurrent brain trauma with normal 


controls. 


3.3. Histopathological Markers in The 


Brain 
3.3.1. TAU 


Within the neuronal cytoskeletal system, 
tau protein, a microtubule-binding protein, 
facilitates microtubule formation and 
stability. Axonal transport impairment, 
neuronal and _ synaptic dysfunction, 
microtubule disintegration, and ultimately 
neuronal death are the outcomes of tau 
hyperphosphorylation. Neurodegenerative 
and brain injury diseases are characterized 
by aberrant tau hyperphosphorylation and 
buildup due to impaired tau metabolism 
(McKee et al., 2013). 


Both 3-repeat (3R) and 4-repeat (4R) tau 


elicit positive immunoreactivity in neuronal 
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hyperphosphorylated tau (p-tau) disease. 
The phosphorylation state and tau isoforms 
are similar to AD. In the subpial areas of 
the sulcal depths, astrocytes primarily 
express the 4R tau isoform. Age and the 
severity of the disease both contribute to 
the pathophysiology of astrocyte p-tau 4R 
(B. I. Omalu et al., 2006). 


Data from recent studies have linked CTE 
pathology to the presence of tau 
accumulation alone. The distribution of 
NFTs is the primary distinction between the 
tau pathology characteristics seen in CTE 
and other neurodegenerative illnesses. P- 
tau deposits in neurons and glia have been 
found to be a characteristic of cortical 
disease in many of the CTE cases that have 
been seen recently. These deposits are 
usually located in perivascular areas and 
deep within the cortical sulci. However, the 
cases to date clearly demonstrate that 
neurodegeneration after TBI is a 
multifaceted pathology (McKee et al., 
2016). 


3.3.2. Beta-Amyloid 


In brain cells, amyloid B (AB) is a naturally 


occurring protein. Neuropathologic 
disorders are brought on by this protein 
clumping together to form plaques. Diffuse 
axonal injury is a consistent early event in 
all TBI severities that causes axonal 
transport to halt and the cytoskeleton to be 


disrupted (Farbota et al., 2012). 
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Neurodegeneration following TBI has often 
been associated with tau pathologies and 
AB pathologies. Nineteen out of twenty 
former boxers had significant AB plaques, 
according to one study. A high frequency of 
AB pathology was also observed in case 
series of non-boxer athletes, and_ this 
increased with increasing age at death 
(Stein et al., 2015). Therefore, it remains 
unclear if the pathology of AB in CTE is 
directly associated with a_ history of 
traumatic brain injury or is only connected 
to aging. Notably, clinical signs of cognitive 
impairment were also seen in individuals 
with AB pathology. Before drawing the 
conclusion that AB pathology is coincidental 
in CTE, more research is required to 
ascertain the role of this pathology, given 
the small number of cases examined and 
the absence of age-matched controls 
(Johnson et al., 2013). 


CTE is exclusively distinguished by the 
distinct spatial distribution of tau pathology, 
in contrast to AD, which necessitates the 
presence of both tau pathology and AB 
deposition for diagnosis. Despite not being 
a characteristic of CTE, AB is the most 
prevalent concomitant pathology and could 
contribute to the disease'’s advancement 
(Johnson et al., 2010; Sherriff et al., 1994). 
About thirty percent of instances of acute 
trauma have been documented to have AB 
deposition, and after axonal injury, 
alterations in the amyloid precursor protein 


(APP) are observed. According to early 
investigations employing AB 
immunohistochemistry, diffuse AB deposits 
were present in most boxers with CTE. But 
as more cases were reported, it became 
apparent that younger people and CTE 
patients without AB pathology existed. A 
post-mortem analysis showed that AB 
depositions were present in just over half 
(52%) of the 114 contact sport athletes and 
military veterans with CTE who had a 
median age at death of 60 years. The age 
and stage at which AB deposition was found 
varied (Adams et al., 1982; Smith et al., 
1999). 


Different forms of A$ plaques can be 
distinguished from one another by their 
shapes. The two main forms that are 
typically used for AD categorization are 
diffuse plaques with non-compact amyloid 
and no overt dystrophic neuritis, and 
neurotic plaques with = argirophilic 
dystrophic neuritis with or without dense 
amyloid cores (Gentleman et al., 1993). In 
CTE, the kind of AB plaque is markedly 
different: Approximately one-third of CTE 
cases have neuritic plaques, but diffuse AB 
plaques are considerably more common. In 
contrast, neuritic plaques are required for 
the diagnosis of AD. In addition, compared 
to a typical aging population, AB deposition 
seemed to happen in CTE patients sooner 
in life and more quickly. According to these 


results, AD pathology was discovered to be 


a prevalent comorbidity with CTE in older 
athletes in a recent research of i1 
individuals, which included rugby and 
soccer players (Adams et al., 1989; Smith, 
Chen, et al., 2003). 


3.3.3. TDP-43 


Studies reveal a connection between TAR 
DNA-binding protein 43 (TDP-43) illness 
and neurodegeneration after traumatic 
brain injury (TBI) (Geser et al., 2009). From 
time to time, TDP-43 can be translocated 
from the nucleus to the cytoplasm, where it 
can __ polyubiquitinate and undergo 
hyperphosphorylation to form pathogenic 
inclusion bodies. A protein called TDP-43 
has been connected’ to _ several 
neurodegenerative conditions, including 
Parkinson's disease, AD, frontotemporal 
lobar dementia, and amyotrophic lateral 
sclerosis (ALS) (Neumann et al., 2006). 
Studies on autopsies of American football 
players, former boxers, and hockey players 
have shown that the surrounding neuropil 
at different areas has a characteristic 
"grain-like" appearance and_ contains 
neuronal cytoplasmic TDP-43 inclusions. In 
addition to TDP-43 pathology, autopsy 
studies on ALS patients have also found tau 
pathology, which has been linked to CTE. It 
is unknown if this pathology is solely a tau 
pathology similar to CTE or if it is an ALS- 
like variety of CTE (Josephs et al., 2017). 
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3.3.4. Axonal Pathology 


The primary characteristics of CTE include 
white matter atrophy, myelinated fiber loss, 
axonal degeneration, and damage to the 
axons. It is also believed that axonal injury 
is essential for the start of p-tau disease 
(Mouzon et al., 2014). 


Every stage of CTE is accompanied by 
axonal pathology, which seems to worsen 
as the disease progresses. White matter 
axons may occasionally react negatively to 
p-tau (Goldstein et al., 2012). Diffuse 
axonal varicosities are observed in the deep 
levels of the frontal and temporal cortices, 
subcortical white matter, and deep white 
matter tracts of the diencephalon in early- 
stage CTE, stages I and II. Axonal loss is 
linked to extensive p-tau abnormalities in 
the white matter, macrophages, and 
frequently altered axonal profiles in the 
cortex and subcortical white matter in more 
advanced illness stages III and IV (McKee 
et al., 2009). 


3. 4. CTE Neuropathology 


Diffuse brain shrinkage, — ventricular 
dilatation, cavum septum pellucidum with 
or without fenestration, cerebellar scarring, 
and substantia nigra depigmentation and 
degeneration are among the macroscopic 
characteristics of CTE. There is observable 
atrophy of the mammillaria, medial 
temporal lobe, hypothalamus, and 


thalamus in advanced CTE. Widespread 


54 


neurofibrillary tangles (NFTs) made of 
mixed 3R and 4R tau isoforms are histologic 
hallmarks (Hof et al., 1992). The frontal 
and temporal cortices in CTE have the 
highest concentrations of NFTIs_ and 
astrocytic nodes. After a neuron dies, 
residual NFTs called "ghost tangles" are 
sometimes observed in the neuropil, 
especially in the limbic region, temporal 
neocortex, and CA1 hippocampal subregion 
(Geddes et al., 1999). 


The brain of a patient with CTE may appear 
very normal if there is no severe cortical 
atrophy, infarction, acute or chronic 
bleeding, or regional or lobar necrosis. 
Usually, there is no evident atrophy of the 
subcortical ganglia and no _ marked 
symmetrical dilatation of any of the 
ventricles. There is no focal gross white 
matter necrosis or demyelination in the 


central semiovale (Ling et al., 2014). 


Histologically, isomorphic astrogliosis and 
modest neuronal loss may be seen in the 
neocortex. White matter microglia may be 
more prominent perivascularly when they 
exhibit mild diffuse activation and slightly 
elevated neuropil histiocyte counts 
(Blennow et al., 2012). Mild neuronal loss 
may also be observed in the midbrain, 
spinal anterior and posterior horn neurons, 
pontine and medullary nuclei, and 
subcortical ganglia. Usually absent is 
hippocampal sclerosis, which is defined as 


a marked loss of pyramidal neurons in the 


hippocampus's_ stratum pyramidalis. In 
essence, brain sections from a patient with 
CTE stained with standard hematoxylin and 
eosin may show minimal pathologic 
alterations but nonetheless appear 
ordinary. To diagnose CTE, the brain must 
be immunohistochemically examined using 
a range of proteomic antibodies (B. Omalu 


et al., 2011). 


Tauopathy is the main proteinopathy 
associated with CTE, and it is characterized 
by the presence of neuritic threads (NTs) 
and NFTs in every area of the brain. 
Astrocytic NFTs and plaques may coexist 
with neural NFTs in CTE. Neuronal NFT 
density can be sparse, moderate, or rich 
throughout the brain, with the neocortex 
exhibiting a unique look. Here, NFTs are 
dispersed randomly throughout nearby 
neocortical areas. Neocortical NFTs are 
primarily found in layers II and III and are 
positioned more superficially (McKee et al., 
2013). 


TDP-43 
synucleinopathy are two more secondary 


proteinopathy and a- 


proteinopathies that may coexist with 
tauopathy in CTE. A small percentage of 
CTE patients have secondary’ a- 
synucleinopathy, which is more common in 
older patients. However, it is not a 
necessary or characteristic proteinopathy of 
CTE (Hyman et al., 2012). Neuronal, glial, 
and neuritic inclusions, a kind of secondary 


TDP-43 proteinopathy, are not a hallmark 


of CTE and are not required for the 
diagnosis of the disease. However, TDP-43 
proteinopathy can become extremely 
extensive and apparent in the brain and 
spinal cord in a tiny proportion of CTE 
patients, especially those with substantial 
clinical symptoms of motor neuron disease 
(muscle weakness, atrophy, fasciculations, 
and muscle discomfort) (MacKenzie et al., 
2010). 


The defining feature of CTE disease is the 
accumulation of phosphorylated tau protein 
in neurons and astrocytes, which is 
different from other tauopathies. Isolated 
perivascular NFTs and neurites in the deep 
cerebral sulcus are the initial manifestation 
of p-tau abnormalities (Smith, Uryu, et al., 
2003). They then expand to the outer 
layers of the adjacent cortex, finally 
resulting in a broad degeneration affecting 
the diencephalon, brainstem, and medial 
temporal lobe components (Tokuda et al., 
1991). Brain atrophy, fenestrated cavum 
septum pellucidum, thinning of the corpus 
callosum, and enlargement of the lateral 
and third ventricles are examples of 
Additionally, 
neurofibrillary degeneration in the cerebral 


macroscopic diseases. 
cortex and substantia nigra, neuronal loss 
in the cerebellar tonsils, and senile plaques 
in 27% of cases were observed using cresyl 
violet and Von Braunmuhl silver stain. AB 
immunohistochemistry was used in later 


reports, which revealed that diffuse AB 
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deposits were present in 95% of CTE cases 
(McKee et al., 2013; Tokuda et al., 1991). 


Both 3R and 4R tau exhibit positivity in the 
neural tau pathology of CTE. Moreover, the 
4R isoform of tau is primarily expressed in 
early afflicted regions of CTE, such as sulcal 
depths, perivascular, and subpial regions. 
Moreover, p-tau-positive astrocytes in CTE 
have the ability to form astrocytic nodes, in 
contrast to spike-shaped astrocytes 
(Schmidt et al., 2001). The extent of 
neuronal or astrocytic tau pathology varies 
throughout CTE cases; some exhibit a high 
concentration of —tau-immunoreactive 
astrocytes, whereas other instances mostly 
display NFTs. Rarely do the traditional 
indicators of CTE-induced macroscopic 
alterations appear in the early stages of the 
disease; instead, they are more frequently 
seen in mature forms. Reduced brain mass, 
larger lateral and third ventricles, cavum 
septum pellucidum, pale locus coeruleus, 
and diencephalon atrophy are the 
hallmarks of cerebral atrophy. P-tau 
aggregates in glial cells, such as astrocytes, 
neurons, and cell processes, and cortical 
sulci enclosing the tiny capillaries, usually in 
an uneven pattern, are diagnostic criteria 
for CTE. Moreover, TDP-43 aggregates are 
commonly seen in the great majority of CTE 
cases that co-localize with p-tau NFTs 
(Tokuda et al., 1991). 
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3.5. Staging Pathology in CTE 


CTE has a unique neuropathologic feature 
consisting of p-tau accumulation, 
microgliosis and astrocytosis in the sulcus 
and perivascular regions. These pathologic 
formations lead to progressive 
neurodegeneration. CTE is divided into four 
stages according to the pathological 


progression model (McKee et al., 2013). 
3.5.1. Stage I 


In stage I CTE, the brain seems largely 
normal, with the exception of a few loci that 
contain p-tau. These loci are often found in 
the sulcus depth, proximal to tiny blood 
veins, and in the frontal and lateral cortices. 
There might be a small number of neurites 
and NFTs in the locus coeruleus. The 
appearance of neurites is similar to dots 
and threads; NFTs and NTs are the most 
common types. Glial processes and p-tau 
immunoreactive glia are occasionally 
observed. Although there may occasionally 
be sporadic, sparse NFTs in the nearby 
cortex, tau pathology is most frequently 
found in the cerebral sulci of the frontal, 
temporal, insular, septal, and _ parietal 
cortices. Deep within the sulci, subpial p- 
tau astrocytic tangles can also be seen in 
clusters. The locus coeruleus also contains 
neurites and NFTs. Roughly 50% of 
patients with stage I p-tau_ disease 
possessed uncommon TDP-43 neurites. 
Subjects with stage I CTE do not have AB 


plaques unless they are older than 50 
(McKee et al., 2016). 


3.5.2. Stage II 


In stage II, there may be _ noticeable 
localized macroscopic abnormalities. The 
lateral ventricles are enlarged, the cavum 
septum pellucidum, with or without 
windows, and the locus coeruleus and 
substantia nigra are paler in gross 
anatomical sections and neuroimaging. P- 
tau foci are widely distributed within the 
deep sulci. Stage II CTE instances may 
exhibit minor macroscopic abnormalities, 
such as cavum septum pellucidum, pallor in 
the substantia nigra and locus coeruleus, 
and mild enlargement of the third 
ventricle's frontal horns and _ lateral 
ventricles. Under a microscope, P-tau NFT 
are found deep within the frontal, temporal, 
parietal, insular, and septal cortices. All 
cerebral layers of the cortex contain NFT, 
yet the outermost cortical layers contain 
the greatest concentration of them. NFT is 
also present in the locus coeruleus and 
substantia innominata. Aberrant neurites 
and neuronal inclusions are suggestive of 
moderate TDP-43 illness in stage II CTE 
cases. The percentage of people over 50 
with stage II CTE who have AB plaques is 
only 19% (McKee et al., 2015). 


3.5.3. Stage III 


The majority of sizable pathologic sections 
have macroscopic abnormalities in stage 
Ill. There is a loss of brain mass, 
enlargement of the ventricles, and mild 
atrophy of the frontal and temporal lobes 
(McKee et al., 2013). CTE patients have 
anomalies of the septum, including cavum 
septum pellucidum. The frontal, temporal, 
parietal, and insular cortices have p-tau 
pathology. The majority of stage III CTE 
brains exhibit macroscopic abnormalities, 
albeit these are minor in comparison to the 
microscopically observed alterations in 
structure. There is typically mild frontal and 
temporal atrophy, an increase in the lateral 
and third ventricles, and a decrease in the 
weight of the brain. Half of the patients 
have septal anomalies, such as 
fenestrations, septal perforations, or cavum 
septum pellucidum. Mammillary body 
atrophy, pallor in the substantia nigra and 
locus coeruleus, thalamus and 
hypothalamus thinning, and corpus 
callosum are among the characteristics 
(McKee et al., 2015). Under a microscope, 
NFT can be found in the inferior parietal 
cortices, superior, middle, and _ inferior 
temporal cortices, as well as the septal, 
insular, temporal, superior, dorsolateral, 
and inferior frontal cortices. Additionally, 
NFT can be found in the Meynert nucleus 
basalis, substantia nigra, amygdala, 
hypothalamus, locus coeruleus, and dorsal 


57 


and median rafe nuclei. Apart from CA1, 
CA4 and CA2 are also involved in 
neurofibrillary degeneration in the 
hippocampus. TDP-43 positive neurites and 
inclusions are typically observed. In 13% of 
stage III CTE cases, neurotic and sparse 
diffuse AB plaques are observed (McKee et 


al., 2016). 
3.5.4. Stage IV 


There has been reports of brain weights of 
1,000 g in stage IV, which is a significant 
drop from the 1,300-1,400 g of typical 
brains. The anterior thalamus, medial 
temporal lobe, and frontal lobes all have 
deep atrophy. White matter tract atrophy is 
also present. Septal anomalies affect the 
majority of stage IV patients. The majority 
of regions are impacted by p-tau spread, 
including the cortex. Most IV CTE patients 
also have aberrant TDP-43 levels. The 
anatomical distribution pattern of p-tau is 
analogous to the progressive nature of 
parenchymal TDP-43 disease. Significant 
weight loss is seen in brains suffering from 
stage IV CTE. There is significant atrophy 
of the anterior thalamus, medial temporal 
lobe, and anterior and temporal lobes in 
addition to general cerebral atrophy. The 
white matter has undergone a widespread 
atrophy, and the corpus callosum— 
particularly the isthmus—has _ thinned. 
Usually, the mammillary bodies atrophy and 
the hypothalamus floor thin significantly. 
Most stage IV CTE cases have some form 
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of septal anomaly, such as a cavum 
septum, perforations, fenestrations, or 
complete posterior septum disappearance. 
Pale are the substantia nigra and locus 
coeruleus. Diffuse myelin loss, astrocytosis 
in the white matter, and neuronal death in 
the cerebral cortex, hippocampus, and 
substantia nigra are the microscopic 
characteristics of stage IV CTE. 
Furthermore, layer II microvacuolation- 
related neuronal death and astrocytosis 
may be observed in the frontal and 
temporal cortices. The © brainstem, 
cerebellar dentate nucleus, mammillary 
bodies, thalamus, hypothalamus, 
cerebrum, and occasionally the spinal cord 
are the primary areas affected by P-tau 
illness. Among the NFT in the hippocampus 
formation are the dentate gyrus, CA3, CA2, 
and CA4, most of which are extracellular. In 
CA1, extracellular tangles are common and 
there is a significant neuronal loss. P-tau 
illness also affects the cerebellum, which 
includes the granular cell layer, dentate 
nucleus, and occasionally Purkinje cells. In 
the white matter of the anterior cerebellar 
vermis lining the fourth — ventricle, 
disorganized tau neurites are frequently 
observed. Neurites exhibiting intraneuronal 
cytoplasmic inclusions and _ inclusions 
resembling dots and threads are observed 
to have diffuse TDP-43 deposits. There is 
loss in the white matter of the brain and 


cerebellum, axonal degeneration, and a 


considerable loss of myelinated nerve 
fibers. 


3.6. Macroscopic Pathology of CTE 


In stage I or II CTE, significant pathologic 
alterations in the brain might not be 
noticeable. The cavum septum pellucidum 
and the frontal and temporal horns of the 
lateral ventricles typically expand slightly 
when disease is present. In the white 
matter, perivascular spaces are visible, 
particularly in the temporal lobe (McKee et 
al., 2013). 


The macroscopic changes associated with 
CTE in stages III and IV include reduced 
brain weight, enlargement of the lateral 
and third ventricles, gray and white matter 
atrophy (which is typically most severe in 
the frontal and anterior temporal lobes), 
septal fenestrations, thinning of the cavum 
septum pellucidum, thalamus, corpus 
callosum, depigmentation of — the 
hypothalamus mamillara, locus coeruleus, 


and substantia nigra (Corsellis et al., 1973). 


Reduced brain weight, lateral and third 
ventricle enlargement, gray and white 
matter atrophy, septal fenestrations, 
depigmentation of the cavum septum 
pellucidum, locus coeruleus, and substantia 
nigra are among the’ macroscopic 
alterations associated with stage IV CTE. 
Atrophy has been found in global brain 
regions, including the thalamus, amygdala, 
hippocampus, mammillary and _ lateral 


geniculate bodies, according to 
histopathologic analyses (McKee et al., 


2013). 
3.7. Microscopic Pathology of CTE 


P-tau protein buildup as NFTs and atypical 
neurites around tiny arterioles in the cortex 
at sulcal depths are characteristics of CTE. 
Research has demonstrated that tau 
oligomers and the tau _ phosphatase 
activation domain's N-terminal motif are 
both exposed in CTE and co-localized in 
perivascular CTE lesions (Schmidt et al., 
2001). 


P-tau protein builds up in the neocortex as 
NFTs and NTs in noticeable clusters 
surrounding small blood veins, typically 
deep in the sulci, during the early stages of 
CTE. Small cortical vessels that run as linear 
deposits from the brain's surface to the 
lowest levels of cortical gray matter are the 
focal point of NFTs. NFT clusters appear as 
spots, tangles, or threads in cross-sectional 
preparations of the CTE brain (B. I. Omalu 
et al., 2006). Neurons are primarily affected 
in the early stages of the disease. On the 
other hand, p-tau immunoreactive glia 
surrounding the damaged artery are 
infrequently seen, and localized subpial p- 
tau immunopositive astrocytes in sulcal 
depths are visible. Subpial p-tau astrocytes 
in the cortex's sulcal depths that are not 
accompanied by perivascular NFT and NT 
are not known to have any pathogenic 
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significance. Furthermore, it is known that 
normal aging does not exhibit subpial p-tau 
astrocytes in the cortical sulci in the brains 
of people who do not have a history of 
repetitive brain trauma (Farbota et al., 
2012). 


3.8. Clinical Markers 


At the microscopic level, CTE has many 
common histopathologic features such as 
tau protein deposition and NFTs, which are 
frequently observed in neurodegenerative 
diseases such as AD (Reams et al., 2016). 
While tau protein accumulation, which is 
known to be one of the common 
histopathologies in neurodegenerative 
diseases, is observed in deep cortical 
laminae in AD, it occurs in superficial 
cortical areas in CTE. These 
histopathological features observed in CTE 
may explain some of the clinical 
manifestations in other chronic 
neurodegenerative diseases with similar 
histopathology, such as __ cognitive 
impairment and behavioral changes (Ling 
et al., 2017). 


The degree and nature of the force of brain 
trauma causing CTE is the most interesting 
point of research. Recent data suggest that 
CTE is related to the co-occurrence of 
recurrent subclinical brain trauma and mild 
TBI. Whether a single TBI causes CTE 


remains a matter of research. However, the 
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severity of TBIs or the minimum number of 
TBIs required to establish the presence of 
CTE has not yet been established (Gavett 
et al., 2011). 


In a 2013 study, thirty-six cases of 
neuropathologically proven CTE were 
analyzed to identify clinical markers of CTE. 
Close relatives of the athletes, all of whom 
had neurologic comorbidities, were 
interviewed to obtain retrospective clinical 
reports. Three examples with CTE that had 
no symptoms at the time of death were 
found in the collected data. Behavioral, 
cognitive, and emotional abnormalities 
linked to dysarthria, ataxia, and 
Parkinsonism were noted in_ the 
symptomatic patients. Two different clinical 
markers were identified at the end of this 
study. 22 


mood/behavioral disturbances such as 


patients reported 


hopelessness, violence, depression, 
anxiety, paranoia and impulse control 
problems. In 11. patients, significant 
memory, behavioral presentation, 
attention, executive functions, language 
and visuospatial deficits were noted. In line 
with the data obtained, behavioral 
disorders were more prominent than 
cognitive disorders in younger patients. 
Significantly more ApoE4 protein was found 
in patients compared to controls (Stern et 


al., 2013). 


The same group suggested diagnostic 
standards for CTE patients in a 2014 study. 


They characterized traumatic 
encephalopathy syndrome (TES) with four 
clinical parameters based on reports of 202 


published cases: 


Cognitive Memory, execution 

disorders function and 
processing speed 

Behavior Aggression, paranoia 


abnormalities | and impulsivity 


Mood disorders | Depression, anxiety 


and suicidality 


Disorders of Dysarthria, 
motor function | bradykinesia, rigidity or 


gait disturbances 


When patients report with emotional 
impulsivity, lability, cognitive impairment, 
sadness, or apathy, doctors should consider 
CTE as a differential diagnosis when taking 
into account the proposed  ciinical 
symptoms of TES (Stern et al., 2013). 


Any of the four TES subtypes can show 
signs of motor dysfunctions. Furthermore, 
because CTE is a neuropathologic disorder, 
researchers have discovered probable 
biomarkers for the diagnosis of CTE in 
addition to cases of probable CTE. The MRI 
observations of cortical thinning and 
cortical atrophy, cavum septum pellucidum, 
positive tau PET imaging, negative amyloid 
PET imaging, and elevated CSF tau/ptau 
levels are among the indicators. Any 
biomarker utilized in the TES subtypes is 
predicted to provide at least one positive 


result in a person diagnosed with CTE. A 
potential TES satisfies all TES requirements 
but lacks a positive biomarker. The authors 
concluded by stating that studies can make 
use of research criteria that describe the 
etiology, differential diagnosis, risk factors, 
prevention, and therapy of CTE (Mez et al., 
2017). 


After a brain injury, the emergence of CTE 
symptoms might happen at any time. 
Clinicians should think about referring 
patients for neurological or 
neuropsychological consultation due to the 
variety of symptoms and some comorbidity 
with other diseases. Important cognitive 
domains like memory, language, attention 
and concentration, and visuospatial skills 
can all be evaluated using a 
neuropsychological exam. In __ clinical 
situations, neuropsychological testing can 
also be used to gauge the need for 
psychiatric assistance. In order to 
determine the present state of symptoms, 
follow-up cases must be monitored for 
several months or even years. (McKee et 


al., 2015) 


3.9. Current Situation and Future 
Directions 


With the awareness raised by the media 
and the public, CTE has become a very 
attractive new research area (Asken et al., 
2017). However, publications on _ the 
subject within the scope of existing studies 
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are still criticized. It is exceedingly difficult 
to ascertain and quantify the true incidence 
of CTE due to the dearth of cross-sectional, 
epidemiologic, longitudinal, or prospective 
investigations on the condition. Since the 
studies generally examine cases involving 
symptomatic, high-risk men, the extent to 
which the data obtained accurately reflect 
the incidence of CTE remains a matter of 
debate (Mez et al., 2017). Many elements 
of CTE are not well understood due to the 
preponderance of male cases evaluated in 
research. These include patient 
predisposition based on _ gender, the 
incidence of CTE in low-risk patients, and 
the occurrence in_ high-risk patient 
populations outside of athletes. Prospective 
studies that assess all available choices are 
necessary, as are objective studies on the 
topic (Gaetz, 2017). 
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3.10. Conclusion 


In summary, CTE iS_ a _ serious 
neurodegenerative disease resulting from 
repeated traumatic brain injuries. Initially 
observed in boxers, CTE has since been 
identified in various populations, including 
athletes and military personnel, 
highlighting its widespread impact. Despite 
advances in understanding its pathology, 
diagnosing CTE remains challenging due to 
its overlapping symptoms with other 
neuropsychiatric disorders. The significant 
cognitive and emotional impairments 
associated with CTE underscore the need 
for further research and_ preventive 
measures to mitigate the risks of repeated 
head injuries. AS awareness grows, 
addressing the medical and _ societal 
implications of CTE becomes increasingly 


imperative. 
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MIGRAINE 


Sahar Ebrahem Orif, Yigit Uyanikgil 


Chapter 4 


Migraine 


SAHAR EBRAHEM ORIF!, YiGIT UYANIKGIL? 


4.1. Introduction 


Migraine can be characterised as "an 
episodic headache associated with certain 
features, such as sensitivity to light, sound, 
or movement" and "a recurring syndrome of 
headache associated with other symptoms of 
neurologic 
admixtures" (Goadsby, 2022). 


dysfunction in varying 


Migraines are classified as resistant 
or refractory. Resistant migraines require at 
least three classes of migraine preventatives 
and at least 8 debilitating headache days per 
month for at least three months without 
improvement (Sacco et. al., 2020). 
Refractory migraines require all available 
preventatives and at least 8 debilitating 
headache days per month for at least six 
months. Migraines can also be linked with 
several syndromes, such as somnambulism, 
cyclic vomiting, abdominal migraine, benign 


paroxysmal vertigo, benign paroxysmal 
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torticollis, and confusional migraine, each 
having a unique clinical presentation, 
duration, and prevalence (Straube and 
Andreou, 2019). On the other hand, Migraine 
is a recurrent condition with four phases: 
premonitory, transitory neurological 
symptoms (migraine aura), acute headache 
attacks, and postdrome (Andreou and 


Edvinsson, 2019). 


This chapter focuses generally on 
migraines and especially on ocular, retinal, 
and ophthalmic migraine headaches that 
commonly appear within 60 minutes after 
the commencement of visual symptoms. 
These migraines are characterised by a 
transitory monocular scotoma, or loss of 
vision. Abnormal ophthalmological results 
and prolonged monocular vision loss have 
been documented in certain situations. Most 
often, the symptoms are temporary, and it's 
unclear what causes the permanent 
deficiencies. To be much more aware of the 
tiny difference between ocular and retinal 
migraines, any migraine that momentarily 
impairs vision is commonly referred to as an 
ocular migraine. Retinal migraine is a more 


precise term for a disorder that affects only 
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one eye and is monocular. Therefore, a 
retinal migraine is essentially an ocular 
migraine. Meanwhile, ophthalmic migraine 
(also known as ophthalmoplegic neuropathy) 
is a condition of the neurological system that 
impacts the head and eyes (Aleksic, Drakulic 
and Ljubisavljevic, 2020). 


4.2. History 


Migraine and its related pain have 
been a long-standing issue for humans. 
Notable individuals who have experienced 
migraines include Julius Caesar, St. Paul, 
Thomas Jefferson, and Charles Darwin. In 
3000 BC, an unnamed Sumerian poet 
reported a severe headache that led to a 
desire to die. In Mesopotamia, the evil spirit 
of Ti'e was believed to assault people and 
cause severe headaches. Archaeological 
excavations have revealed that surgeons 
removed portions of patients’ skulls to treat 
severe migraines (DuBose, Cutlip and Cutlip, 
1995; Friedman, 1972; Jones, 1999). 


In ancient Egyptian medicine (from 
3,000 BC), headaches, nerve pain, and 
sudden and intense pain were all vividly 
recorded. Hippocrates (460-370 BC), the 
father of medicine, was the first to formally 
chronicle his clinical observations of 
migraine, breaking free from superstition. 
Hippocrates described a dazzling light in the 
right eye, followed by intense agony in the 


head that finally spread to the entire area 
(MC CLURE and_ Huntsinger, 1927; 
Merikangas, Stevens and Angst, 1993; 
Silberstein, 2005). 


One of the earliest official categories 
of headaches was given by Aretaeus of 
Cappadocia (30-90 AD). He distinguished 
between three primary types of headaches: 
(a) cephalalgia, which is a mild, transient 
headache; (b) cephalea, a more severe, 
chronic headache; and (c) heterocrania, 
which is a paroxysmal headache on one side 
of the head, frequently accompanied by 
nausea, vomiting, photophobia, eye 
symptoms, sweating, and altered fragrance 
perception (Guerrero-Peral, de  Frutos 
Gonzalez and  Pedraza-Hueso, 2014; 
Magiorkinis, Diamantis, Mitsikostas and 
Androutsos, 2009). Galen (c. 129-216 AD) 
described excruciating pain over nearly half 
of the skull in his writings. Similar to 
Hippocrates, Galen thought that fumes 
ascending from the stomach into the head 
were the source of headaches (Salazar, 


2017; Trompoukis and Vadikolias, 2007). 


Famous Iranian physician Razi (also 
known by his Latinized name Rhazes; 854— 
925 CE) authored a whole chapter in his book 
on headaches, including both the symptoms 
and treatment of migraine (Meyerhof, 1935). 
In addition to providing a detailed description 
of one of the various headache kinds that are 
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currently recognised in modern medicine as 
migraine clusters, his research raised the 
possibility that sudden, intense headaches 
could be an early warning sign of a stroke 
(Tubbs, Shoja, Loukas and Oakes, 2007). 


Another well-known Iranian 
physician, Ibn Sina (commonly known as 
Avicenna in the West; 980-1037), authored 
a chapter in his book "Canon of medicine" on 
headaches. In it, he described various 
headache forms, including one that filled the 
entire head. In addition to being severe and 
exacerbated by activity, this kind of 
headache was also associated with noise and 
photophobia (Abokrysha, 2009; Afshar, 
Steensma and Kyle, 2020; Avicenna, 2005; 
Gohlman, 1986; Zargaran, Borhani-Haghighi, 
Faridi, Daneshamouz and Mohagheghzadeh, 
2016). 


Thomas Willis (1621-1675) published 
his notion, the earliest enunciation of a 
vascular theory, in the 17th century, stating 
that "megrim" resulted from the dilation of 
blood vessels within the brain (Rose, 2010). 
Edward Liveing postulated in 1873 that 
"nerve storms evolved out of the optic 
thalamus" as the cause of migraine (Villalon, 
Centurion, Valdivia, de Vries and Saxena, 
2003). 
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In 1882, Xavier Galezowski published 
in the medical journal "The Lancet" the first 
description of retinal migraine (Galezowski, 
1882). According to Moebius (1898), a 
migraine attack requires both brain and 
blood vessel dysfunctions, and he asserted 
that "parenchyma is the master, circulation 
the servant" (Edmeads, 1991; Villalon et. al., 
2003). 


In 1970, Caroll coined the expression 
"retinal migraine" and proposed that, despite 
its debatable nature, it might "possibly be 
applied to uncommon cases" of migraine. He 
gave a case series of 15 patients who had 
monocular vision loss without headache- 
related symptoms. The majority of the 
patients' symptoms were momentary, lasting 
less than ten minutes and infrequently longer 
than an hour. He postulated that elevated 
resulting from 


intraocular = pressure 


paroxysmal vasoconstriction of the 
ophthalmic or central retinal arteries was the 
secondary cause of irreversible vision loss 
and optic atrophy observed in a few cases 


(Carroll, 1970). 


4.3. Classifications and symptoms 


There are two major types of 
migraine: 


a. 


Aura migraine, formerly known as 
classic migraine, is characterised 
by visual abnormalities and other 
neurological symptoms that start 
to show up 10 to 60 minutes 
before the headache really begins 
and normally go away after an 
hour. People may have 
momentary partial or complete 
blindness. Headache pain might 
strike at any time and coexist with 
the aura. Additional traditional 
symptoms include ___ difficulty 
speaking, tingling in the hands or 
face, disorientation, and an 
unusual sensation, numbness, or 
weakness in one side of the body. 
The headache may be preceded 
by nausea, lack of appetite, and 
heightened sensitivity to light, 
sound, or commotion (Davidoff, 
2002; Negro, Rocchietti-March, 
Fiorillo and Martelletti, 2011). 


The more common type of 
migraine is known as common 
migraine or migraine without 
aura. Unexpected headache 
discomfort, generally on one side 
of the head, nausea, dizziness, 


blurred vision, mood _ swings, 
exhaustion, and heightened 
sensitivity to light, sound, or 
loudness are among the 
symptoms (Davidoff, 2002; 
Negro et.al, 2011). 


Other migraine varieties consist of: 


1. Most commonly affecting young 


children, abdominal migraines 
cause moderate to severe 
discomfort in the center of the 
belly that lasts for one to 72 hours 
and rarely or never causes a 
headache. Nausea, vomiting, and 
appetite loss are other symptoms. 
Later in life, migraine headaches 
are common in children who 
suffer stomach migraines 
(Ibrahim, Elkins and Herman, 
2023). 


Migraine of the basilar kind 
primarily affects young people. 
Teenage girls are especially likely 
to experience it, and it can be 
related to their menstrual cycle. A 
ringing in the ears, fainting, 
dizziness, loss of balance, 
impaired muscular coordination, 
slurred speech, and partial or 
complete loss of vision or double 


vision are among the symptoms. 
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The pulsating pain in the back of 
the head might be felt on both 
sides and may start quickly 
(Kaniecki, 2009). 


Hemiplegic migraine is an 
uncommon and severe type of 
migraine that, either before or 
during a headache, produces 
temporary paralysis on one side 
of the body, often lasting several 
days. Vertigo, a _ pricking or 
stabbing sensation, and 
difficulties speaking, swallowing, 
or seeing may start earlier and 
normally go away quickly after 
the headache discomfort. The 
condition is known as_ familial 
hemiplegic migraine (FHM) when 
it runs in families. There are at 
least three different genetic types 
of FHM known, despite its rarity. 
These genetic variants increase 
brain excitability or sensitivity, 
most likely due to an increase in 
glutamate levels (Kumar, 
Samanta, Emmady and Arora, 
2023). 


. Although most women with 


menstrually-related migraine 
also experience migraines at 
other times of the month, 


menstrual migraine often affects 


women around the time of their 
period. An aura-free migraine, 
pulsating pain on one side of the 
head, nausea, vomiting, and light 
and sound sensitivity are possible 
symptoms (Moy and_ Gupta, 
2022). 


Head pain is absent’ from 
migraine without headache, 
which is characterized by nausea, 
vomiting, constipation, and visual 


issues or other aura symptoms. 


Status migrainosus is an 
uncommon and severe form of 
acute migraine that can cause 
incapacitating pain and nausea 
that lasts for up to 72 hours. 
Some may require hospitalization 
due to the severe pain and 
nausea they are experiencing 
(Iljazi et. al., 2020). 


. Ophthalmoplegic migraine: 


this rare type of migraine can 
cause double vision, a droopy 
eyelid, a big pupil, and head 
discomfort that might persist for 
weeks after the pain subsides 
(Aleksic et. al., 2020). 


. The illness known as retinal 


migraine is typified by episodes 


of loss of vision or abnormalities 


in one eye. Similar to the more 
typical visual auras, these attacks 
are typically linked to migraine 
headaches (Pradhan and Chung, 
2004). 


4.4. Etiology 


Numerous risk factors for migraine 
attacks have been found by extensive 
epidemiological investigations. The same 
variables that cause migraines with and 
without aura can also cause retinal 
migraines, according to hypotheses and 
pathophysiology of retinal migraines. Factors 
such as_ hormonal contraceptive pills, 
elevated blood pressure, mental stress, 
exercise, altitude, dehydration, smoking, low 
blood sugar, and heat are among the various 
contributing factors. An increased risk of 
retinal migraines is associated with 
comorbidities with sickle cell disease, 
atherosclerosis, and lupus (Pradhan and 
Chung, 2004; Pula, Kwan, Yuen and Kattah, 
2016). 


Insomnia, melancholy, anxiety, 
gastric ulcers and/or gastrointestinal 
bleeding, angina, and epilepsy, for example, 
were substantially more common _ in 
migraineurs than in the control group, 
according to a web-based survey of 15,133 
migraine sufferers and 77,453 controls. 


Additionally, there is a correlation between 


the frequency and intensity of pain and 
psychological and biological diseases in 
addition to inflammation (Buse et. al., 2020). 


It is challenging to distinguish 
between migraine risk factors, triggers, and 
outcomes due to the complexity’ of 
migraines. Reducing the frequency and 
severity of episodes can be accomplished by 
educating patients on the contributing 
factors and causes (Lipton and Bigal, 2005). 
Moreover, certain therapies, such aerobic 
exercise, can lessen the length of a migraine 
attack, the intensity of the pain, and the 
monthly frequency of migraine days 
(Lemmens et. al., 2019). But according to 
what is now known, there are many different 
risk factors, triggers, and comorbidities 
associated with migraine (Amiri et. al., 2022; 
Bigal and Lipton, 2006). The various risk 
factors linked to the onset and progression 
of migraines are displayed in Figure 1. 


The ophthalmoplegic migraine can 
create a headache that resembles a 
migraine, however it is not a migraine in the 
strict sense. The etiology of ophthalmoplegic 
migraine is unknown’ to — medical 
professionals. However, they frequently have 
a trigger. Stress, alcohol, or even specific 
foods could be the cause. One possibility is 
that the myelin sheath that surrounds nerves 
malfunctions and causes inflammation. After 


the myelin heals itself, the symptoms go 
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away in a few days or weeks. However, after 
a few days, weeks, or months, they return. 
Another reason could be that not enough 
blood gets to the muscles in the eyes, 
possibly due to improper blood vessel 
development (McMillan, Keene, Jacob and 
Humphreys, 2007; Smith and Schuster, 
2018). 


Previously, medical professionals 
believed the illness to be a unique type of 
migraine. However, an increasing number of 
people now diagnose it as neuralgia, a pain 
related to nerves. It's commonly referred to 
as ophthalmoplegic cranial neuropathy these 
days. It is an issue with particular brain 
nerves that regulate the eyes, most 
commonly the oculomotor nerve (also known 
as the third cranial nerve), which facilitates 
eye movement and eyelid lifting. The sixth 
cranial nerve, which extends our sight, and 
the fourth cranial nerve, which controls eye 
movement, may also be impacted in certain 
instances. Though it sometimes first 
manifests in childhood, the illness can also 
strike in early adulthood. Most individuals 
with it are female (Fdrderreuther and 
Ruscheweyh, 2015; Huang, Amasanti, Lovell 
and Young, 2017). 
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Figure 1. Migraines Risk Factors. MTDH (Metadherin), MEF2D (Myocyte-specific 
enhancer factor 2D), PRDM16 (PR domain containing 16). 
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4.5. Epidemiology 


Although retinal migraines are 
uncommon, it is unknown how common they 
occur. There are no data specifically on 
retinal migraines, however in general, one of 
the most prevalent neurological conditions in 
the world is migraine, with an estimated 1.1 
billion instances worldwide in 2019 (Al Khalili, 
Jain and King, 2023; Safiri et. al., 2022). 


The national age-standardized point 
prevalence of migraines varied from 8,277 to 
22,400.6 cases per 100,000 people in 2019 
as in Figure 2. Over the past three decades, 
migraine prevalence has _ significantly 
increased worldwide. The estimated global 
prevalence of migraine increased from 721.9 
million in 1990 to 1.1 billion in 2019, per the 
Global Burden of Disease (GBD) 2019 
research. In every age group, women were 
more likely than men to get migraines. 
Patients with migraines are 6.5% of men and 
18.2% of women; the frequency is higher in 
white people than in black people, then Asian 


people. Globally, in 2019, the age- 
standardized prevalence rates for males and 
females per 100,000 people were 10,337.6 
and 17,902.5 respectively (Al Khalili et. al., 
2023; Safiri et. al., 2022). 


Though most occurrences begin in 
the second decade of life and peak in the 
fourth, retinal migraines can occur as early 
as age 7. According to a research by Pradhan 
et al., 50% of patients with retinal migraine 
reported having a total loss of vision in one 
eye, 20% reported only blurring, 12% 
reported an incomplete loss, 7% reported 
dimming, and 13% reported scotoma. Within 
an hour of the vision disturbance, almost 
75% of patients experienced a headache on 
the same side (Ahmed, Boyd, Vavilikolanu 
and Rafique, 2018; Pradhan and Chung, 
2004). A history of migraine headache is 
present in 29% of individuals with retinal 
migraine, and 50% of these patients had a 
familial history of migraine headache 
(Pradhan and Chung, 2004). 


THE NATIONAL AGE-STANDARDIZED POINT PREVALENCE 
OF MIGRAINES PER 100,000 PEOPLE IN 2019 


@ BELGIUM 22,400 


@ TAY 20,3377 


® bsipouTi 8.9153 


ETHIOPIA 8,277 


Figure 2. The national age-standardized point prevalence rates of migraines 
varied from 8,277 to 22,400.6 cases per 100,000 people in 2019. Belgium 
[22,400] and Italy [20,337.7] had the highest age-standardized point prevalence 
rates, whereas Djibouti [8,915.3] and Ethiopia [8,277] had the lowest rates. 


4.6. Pathophysiology 

Migraine pathogenesis is still up for 
debate. Some believe that ocular migraine is 
caused by a spreading depression of the 
retinal neuron, akin to the spreading 
depression of the cerebral cortex, while 
others attribute it to vasospasm within the 
retinal or ciliary vasculature. Vasoconstriction 
of both veins and arteries, which may be 
widespread or segmental, has been 
witnessed in individuals experiencing an 
episode of retinal migraine; this spreading 
depression of the cerebral cortex is typically 
visible in the visual aura of a classic migraine. 
Ocular hypoperfusion during fundoscopy is 
another way to detect it. The diagnosis can 
be verified using fluorescein angiography. 
With either a normal ciliary circulation or 
patchy choroidal abnormalities and capillary 
dropout, the fluorescein angiography reveals 
delayed filling or occlusion of the primary 
retinal artery and its branches (Pradhan and 
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Chung, 2004; Pula et. al., 2016; Reggio et. 
al., 2017). 


There is no known definite pattern of 
inheritance for retinal migraines, although 
the strong family history of these patients 
points to a genetic predisposition. The retinal 
vascular supply is complicated, making the 
vasospasm theory problematic. The retina is 
auto-regulated, has two circulations, inner 
retinal layers, central retinal artery supply, 
no adrenergic innervation, and sensory nerve 
maintenance. The posterior retina, including 
the photoreceptors, is supplied by the 
choroidal circulation, | which — carries 
adrenergic fibers that are not autoregulated 
(Pradhan and Chung, 2004; Pula et. al., 
2016). 


4.7. Diagnosis 


4.7.1. History and Physical 

The patient's symptoms will be varied 
when they first appear. Positive symptoms 
including flashing lights and _ scintillating 
scotomas are reported by many patients. 
Black, coloured, white patches of varying 
scotomata sizes are the unfavorable signs. 
Attacks can occur several times a day and 
last anywhere from five to twenty minutes. 
The physical examination will reveal loss of 
monocular vision acuity and/or visual field 


loss; the rest of the neurological evaluation 
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and all other cranial nerves will be normal 
(MacGregor, 2017; Pradhan and Chung, 
2004). 


4.7.2. Evaluation 


With a 


classification, retinal migraine was first listed 


globally accepted 
in the International Classification of 
Headache Disorders (ICHD) in 1988 
(Headache Classification Committee of the 
IHS, 1988). Retinal migraine is described as 
"repeated attacks of monocular visual 
disturbance, including scintillation, scotoma, 
or blindness, associated with migraine 
headache" in the most recent version of the 
ICHD-3 published in 2018. Box 1 contains 
these ICDH-3 diagnostic criteria for retinal 
migraine (Headache 

Committee of the IHS, 2018). 


Classification 


Migraine 


Box 1. ICDH-3 diagnostic criteria for retinal 


migraine. 


1. Attacks meeting the requirements for migraine 
with aura. 

2. Attacks meeting the requirements for migraine 
without aura. 

3. Aura is typified by the following two attributes: 

a) Visual phenomena (such as_ scintillations, 
scotomata, or blindness) that are fully 
reversible, monocular, positive, and/or 
negative, and that are verified during an assault 
by one or both of the following: 

- The patient's illustration of a monocular field 
defect (produced following explicit instruction) 

- The clinical visual field evaluation 

b) A minimum of two of the subsequent: 

- Symptoms last 5-60 minutes; 

- Gradually spread over =5 minutes; 

- | Accompanied, or followed, by headache within 
60 minutes 

4. Other ICHD-3 diagnoses were ruled out as 
causes of amaurosis fugax, and an episode 
cannot be explained by another diagnosis. This 
diagnosis is an exclusionary one. 

For retinal migraine to be diagnosed, the ICHD-3 

criterion needs to fulfil points 1, 3(A), 3(B), and 4; 

on the other hand, the ICHD-2 criteria needs to 

meet points 2, 3(A), and 4. 

Normal ophthalmological examinations should be 

performed in between attacks, according to the 

ICHD-2. 


4.7.3. Differential diagnosis 


Many characteristics of retinal 
migraines are similar to those of acephalgic 
and aural migraines. These are frequently 
hard to distinguish. Monocular visual 
impairment, however, is less common in 
cases with a cephalgic migraine or migraine 


with classic aura. Usually, the duration of the 


visual symptoms in a retinal migraine 
is less than that of a visual aura of migraine 
(Pradhan and Chung, 2004). 


Since a retinal migraine is a diagnosis 
of exclusion, the most crucial first step in 
diagnosing a patient who meets the ICHD-3 
criteria for retinal migraine is to ascertain if 
the patient experiences monocular or 
binocular visual symptoms, and to do the 
required tests to rule out alternative causes 
of transient monocular visual loss (TMVL), as 
indicated in Table 1. Other diagnoses that 
should be taken into account include orbital 
apex mass, migraine with visual aura, and 
Carotid artery disease (amaurosis fugax) as 
in embolic phenomena of carotid or cardiac 
origins (MacGregor, 2017; Pradhan and 
Chung, 2004). 
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Table 1. Differential diagnosis of TMVL. 


Diseases 


Examples 


Optic nerve compression (gaze evoked visual loss or transient 


visual obscuration) 


Optic neuritis 


Optic nerve disorders 


Papilloedema with transient visual obscuration 


Anterior ischemic optic neuropathy 


Uhthoff’s phenomenon from demyelinating disease 


Ocular diseases 


Intermittent angle closure glaucoma 


Dry eyes 


Giant Cell Arteritis 


Choroidal ischaemia from posterior ciliary arteries 


Vascular diseases 


Central retinal artery occlusion 


Other arteritis processes that affect the short posterior 


ciliary arteritis 
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4.8. Management & Treatments 
4.8.1. Managements 


According to the commonly used 
management methods of migraine attacks, if 
the episodes occur rarely, such as once a 
month, medication is unnecessary. When 
attacks become more regular, first-line 
treatment begins with lifestyle adjustments 
such as avoiding dietary triggers like alcohol 
and caffeine, managing stresses like high 
blood pressure, and quitting smoking. If that 
does not work, the patient should keep a 
diary to assess the progress of the therapy 


and begin prophylactic therapy. Because of 


the short duration of the episodes, abortive 
therapy is not employed in this condition; 
instead, the primary goal of treatment is to 
limit the occurrence of attacks (Pradhan and 
Chung, 2004; Pula et. al., 2016). 


4.8.2. Treatments 


Ergot, triptans and _ beta-blockers 
should be avoided in retinal migraines, as 
there is a concern about the worsening of 
vasoconstriction and raising the possibility of 
permanent vision loss. Calcium channel 


blockers, particularly nifedipine and 


verapamil (which are the most effective), are 


the primary therapy options. Calcium 


blockers are contraindicated in patients with 
congestive heart failure, hypotension, sick 
sinus syndrome, cardiac conductive 
abnormalities, and concomitant renal or 
hepatic failure. Coumadin and heparin have 
also been used to treat isolated cases of 
antiphospholipid antibody syndrome and 
retinal migraine. Aspirin and antiepileptic 
medications have all been demonstrated to 
lessen the severity of attacks (Pradhan and 


Chung, 2004; Pula et. al., 2016). 
4.8.3. Patient Education 


Patients must be made aware of the 
warning signs of vision loss. Patients who 
perceive a vision loss as darkness should visit 
the emergency room and receive medical 
assistance right away. It is important for 
patients to know that this could indicate an 
irreparable eye problem or a stroke. Positive 
visual abnormalities like flashing lights are 
typically more indicative of the migraine 
phenomena. Patients need to be informed 
that such can occur pain-free or with no 
headaches at all (Pradhan and Chung, 2004; 
Pula et. al., 2016). 


4.9. Prognosis & Complications 


Everyone's experience with migraines 
is unique. Although transient, they persist 
throughout life. Additionally, there isn't a 
cure. The doctor can assist control migraines 


to make them less severe and go gone more 


quickly. Finding a treatment plan that works 
for every patient may take some time. The 
medical professional also has to be informed 
if the symptoms develop better or worse. 


Even though retinal migraines are 
thought to be benign, persistent symptoms 
may remain even after the acute attacks. 
Central retinal artery occlusion (CRAO), 
retinal infarction, branch retinal artery 
occlusion (BRAO), retinal hemorrhages that 
can result in disc and retinal edema, ischemia 
of the choroid or optic nerve, and vitreous 
hemorrhage are among the complications 
associated with retinal migraines. Many of 
those could cause the patient to lose their 
vision permanently. Due to the possibility of 
intensifying vasoconstriction and raising the 
risk of irreversible visual loss, it is crucial to 
avoid using triptans, ergots, and _ beta- 
blockers in migraine patients experiencing 
temporary vision loss (Pradhan and Chung, 
2004; Pula et. al., 2016). 


4.10. Prevention 


Not every migraine can be avoided. 
However, patients can lessen the frequency 
and intensity of migraine attacks by taking 
preventive medicine daily as prescribed by 
their doctors. Additionally, they can 
collaborate with their healthcare professional 
to identify and prevent their triggers by 
learning more about them. Stress, smoking, 
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high blood pressure, hormonal birth control 
pills, exercise, bending over, high altitude, 
dehydration, low blood sugar, and excessive 
heat are a few examples of these triggers. 
Prevention is advised for those who get 
headaches more than twice a week, have 
severe attacks that are difficult to control, or 
are unable to tolerate the drugs used to treat 
acute attacks (Gilmore and Michael, 2011; 
Ha and Gonzalez, 2019; Modi and Lowder, 
2006). 


Ocular migraines appear to be less 
likely to be triggered by food triggers 
including alcohol, coffee, and _ artificial 
sweeteners, even if they can cause other 
kinds of migraines. One of the suggested 
lifestyle adjustments is to cut back on 
activities that disrupt sleep. Preventing drug 
overuse headaches is another reason to 
practise prevention. This is a frequent issue 
that may cause a persistent headache every 
day (Diener and Limmroth, 2004; Oskoui et. 
al., 2019). 


4.11. Research and migraines 


4.11.1. Possible reliance on 
gender 


Statistical data suggests that women 
may be more susceptible to migraines than 
males, with migraine incidence among 
women being three times higher than that of 


men, even though there is no conclusive 


80 


evidence relating migraine to gender. The 
Society for Women's Health Research has 
also noted that hormones, _ particularly 
estrogen, play a significant impact in the 
development of migraine headache. There 
have been no conclusive findings from the 
studies and research conducted thus far on 
the gender dependencies of migraine 
(Artero-Morales, Gonzdalez-Rodriguez and 
Ferrer-Montiel, 2018; Rossi et. al., 2022; 
Schroeder et. al., 2018; Stewart, Lipton, 
Celentano and Reed, 1992). 


4.11.2. Possible preventive 
strategies 
Both transcranial magnetic 


stimulation and transcutaneous supraorbital 
nerve stimulation exhibit promising. A 
ketogenic diet may be able to prevent both 
episodic and chronic migraines, according to 
preliminary research (Barbanti, Fofi, Aurilia, 
Egeo and Caprio, 2017; Gross, Klement, 
Schoenen, D'Agostino and Fischer, 2019; 
Jurgens and Leone, 2013; Magis, Jensen and 
Schoenen, 2012). 


4.12. Conclusions and future prospects 


A prevalent, incapacitating headache 
condition that frequently requires eye care is 
migraine. Numerous case-control studies 
have shown that migraineurs have modest 


abnormalities in the structure and function of 


their retinas. Microstructural damage and 
vascular dysregulation in migraineurs' eyes 
can be seen thanks to modern imaging 
techniques. These findings suggest a setting 
where retinal neuronal stress is elevated in 
relation to vascular dysregulation, but their 
clinical consequences necessitate long-term 
analysis. One extremely uncommon cause of 
TMVL is retinal migraine. Future research 
could contribute to a be 


tter understanding and measurement 


of the retinal and vascular alterations that 


Abbreviation list 


have already been documented by using 
more advanced imaging modalities like 
Optical Coherence Tomography (OCT) and 
OCT angiography. 


Patients who arrive with TMVL 
require substantial study to rule’ out 
alternative reasons of their vision loss, as 
retinal migraine is a diagnosis of exclusion. 
Future studies on this unique clinical entity 
are required since patients and physicians 
may be misled by the phrase "retinal 
migraine," which should be avoided. 


BC Before Christ 

AD Anno Domini 

CE Christian era 

FHM Familial hemiplegic migraine 

ICHD International Classification of Headache Disorders 
IHS International Headache Society 

TMVL Transient monocular visual loss 

CRAO Central retinal artery occlusion 

BRAO Branch retinal artery occlusion 

OCT Optical Coherence Tomography 
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5.1. Introduction 

DN affects more than half of diabetic 
patients worldwide (Feldman et al., 2019). 
Although the pathogenesis of the disease is 
not fully understood, it is believed to have 
two main mechanisms: vascular and 
neural. In the vascular mechanism, chronic 
hyperglycemia reduces intravascular blood 
flow by increasing endothelial resistance. 
Increased vascular resistance and low 
blood flow cause hypoxia. The hypoxic 
environment disrupts axonal conduction by 
causing capillary damage. In the neuronal 
mechanism, myo-inositol uptake is 
affected, causing chronic damage to nerve 
cells. Additionally, advanced glycation end 
products are formed with the activation of 
the polyol pathway. Protein glycation 
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increases reactive oxygen species and 
inflammation. Inflammation-induced 
perineurial fibrosis induces hypoxia through 
the blood-nerve barrier. These changes 
indirectly disrupt axonal transport by 
causing abnormal metabolism in neuron 
axons and Schwann cells. In recent years, 
DN studies have focused on_ signaling 
molecules such as nerve growth factor, 
glial-derived neurotrophic factor, brain- 
derived neurotrophic factor, vascular 
endothelial growth factor, and_ sonic 
hedgehog, instead of examining the 
pathologies of the disease (Yigitturk et al., 
2022). There is no known cure for DN 
because damaged nerve cells cannot repair 
themselves. Stem cell applications are very 
promising for the nervous system with 
limited neurogenesis ability. Studies 
conducted with animal models also reveal 
the treatment mechanisms for stem cell 


applications. 


5.2. Animal Models of DN 

Experimental animal models are an 
important tool to _ investigate the 
pathogenesis and treatment of diabetic 
complications. Maintenance and production 
costs are low, genetic manipulation is easy, 
and ethical permissions can be obtained 
more easily than clinical trials. One of the 
most important advantages is that the 


organs of experimental animals can be 


dissected and the targeted structural- 
molecular changes can be_ evaluated 
histologically. The use of mice and rats in 
DN models is quite common, but studies 
are conducted with hamsters and monkeys 
(Islam, 2013). Three different methods are 
basically used in the creation of the DN 
animal model: (i) diet-related induction, (ii) 
chemical induction, and (iii) genetic 
modifications. The selection of model types 
is made according to the DN mechanism 
that is to be investigated. Although DN 
animal models are classified according to 
their creation methods, combined use of 
methods is also possible. 


5.2.1. Diet-Related Induction 
of DN Animal Models 


These are models that mimic the 
appearance of nutrition-related Type II 
diabetes. Obesity and insulin resistance are 
commonly promoted using high-fat diets in 
rodents. Overnutrition is applied using the 
Western diet. The creation of the 
experimental model takes 12 to 30 weeks. 
With this method, it is difficult to develop 
hyperglycemia in genetically normal 
animals. C57BL/6 db/db mice, which are 
genetically prone to obesity with leptin 
receptor defects, are preferred for these 
models. Another nutritional method is the 
use of high-energy sugar-based diets for 
the formation of DN. Diet-related diabetes 
formation strategies cause glucose 


intolerance, hyperglycemia, elevated 


glycosylated hemoglobin (HbAic) levels, 
and glycosuria. Hybrid models can be 
created by applying low doses of chemicals 
(streptozotocin or alloxan) to diet-related 
models. Therefore, the formation time of 
the model is accelerated by reducing the 
number of pancreatic beta cell populations 
with low-dose streptozotocin or alloxan 
(Singh et al., 2024). Differences in 
neuropathy levels depending on diet and 
the long model formation time are the 
disadvantages of this method (Pham et al., 
2019). 


5.2.2. Chemically Induced DN 
Animal Models 


lloxan and streptozotocin are the most 
prominent chemical agents in diabetes 
models. Both chemicals are toxic glucose 
analogues that accumulate mainly in beta 
cells of the pancreas through GLUT2. They 
cause DNA damage by creating hydroxyl 
radicals and DNA _ alkylation. Thus, 
pancreatic beta cells are selectively 
destroyed and insulin-dependent diabetes 
occurs (Lenzen, 2008). STZ-induced 
diabetes is the most common model in DN 
studies (S. R. Chen et al., 2019; Yigitturk et 
al., 2022). A single high dose of STZ is used 
to induce type I diabetes. Type II diabetes 
is caused by repeated low-dose STZ. 
Rabbits, rats, mice, pigs, and dogs can be 
used in STZ diabetes models. The 
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sensitivity of experimental animals to 
chemicals may vary depending on their sex 
and species. For example, female mice 
have been shown to be less sensitive than 
males to toxins that destroy beta cells 
(Furman, 2015). Chemically induced DN 
models can be easily and_ cheaply. 
However, high-dose chemical applications 
cause toxicity and severe hyperglycemia. It 
becomes difficult for animals to survive for 
a long time, and mortality rates increase. 
When low doses of chemicals are used, 
blood glucose levels can return to normal in 
a short time. 

5.2.3. Genetically Modified DN 
Animal Models 
Non-obese diabetic (NOD) mouse, Long 
Evans Tokushima Lean (LETL) rat, 
LEW.1AR1-iddm (LEW-IDDM) rat, and Bio- 
Breeder (BB) rat are used to mimic Type I 
diabetes models. In these animals, 
pancreatic beta cells are destroyed by T 
cells, spontaneously or through genetic 
reprogramming (autoimmune diabetes). 
The insulin gene was mutated in the 
B6Ins2‘*"* mouse model. In this model 
diabetic sensorimotor neuropathy and 
sympathetic autonomic neuropathy have 
been reported (Pham et al., 2019). Zucker 
diabetic fatty rats (ZDF) are used to mimic 
type II diabetes. Leptin receptor-deficient 
db/db mice and leptin-deficient ob/ob mice 
are frequently used mouse models that 
simulate the development of obesity and 
type 2 diabetes. Transgenic DN models are 
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very powerful mimics, and_ different 
diabetes-related complications can be 
studied in these models. However, 
genetically modified experimental animals 
are difficult to obtain and their costs are 
high. 


Models of diabetes can also be 
developed by partially removing the 
pancreas or using viruses to destroy beta 
cells. 


5.2.4. Other 
Diabetic Animal Models 


Experimental 


Pancreatectomy, or partial removal of the 
pancreas, can mimic Type 1 diabetes by 
lowering insulin production. By using this 
technique, scientists can produce an 
insulin-deficient state that facilitates 
research into the consequences of the 
condition and the testing of possible 
treatments meant to replace insulin or 
protect beta cells. Another approach uses 
specific viruses. Certain viruses, such as the 
Kilham Rat Virus (KRV), have been 
demonstrated to specifically target and kill 
pancreatic beta cells that produce insulin. 
This virus resembles the autoimmune 
assault associated with Type 1 diabetes, 
providing a model for investigating the 
function of the immune system in the 
disease and testing possible 
immunomodulatory treatments meant to 
stop beta cell death (Singh et al., 2024). 


5.3. Mechanisms of Action of 
ASCs in DN 


ASCs are stem cells found in adipose tissue 
(also referred to as fat tissue) and capable 
of differentiating into many types of cells 
(Bourin et al., 2013). They may be able to 
help treat a variety of diseases and injuries 
affecting tissues such as nerves, bones, 
cartilage, and the fat itself due to this trait, 
known as_ multilineage differentiation 
(Tsuji, 2014). The abundance of ASCs is 
one of their main advantages. Adipose 
tissue is a more abundant source of adult 
stem cells for cell harvesting compared to 
other sources such as bone marrow 
(Mizuno et al., 2017). The purchase of a 
large number of ASCs for therapeutic 
purposes is made easier by this easily 
accessible source. Furthermore, ASCs can 
be isolated using minimally invasive 
liposuction techniques, which reduce donor 
discomfort and speed up the cell processing 
process (Mizuno et al., 2017). 


DN, characterised by progressive 
nerve damage leading to sensory, motor, 
and autonomic dysfunction, significantly 
impacts quality of life. The necessity for 
novel therapeutic approaches is highlighted 
by the fact that conventional therapy 
approaches only partially relieve symptoms. 
With their ability to reduce neuropathic pain 
and promote nerve regeneration, ASCs 
have come to light as a_ promising 
treatment option (Brini et al., 2017a). 


The therapeutic benefits in DN are mediated 


by a number of pathways, including: 


Paracrine Secretion and Cell- to-Cell 


Interactions 
Numerous bioactive substances, such as 
growth factors, cytokines, and extracellular 
vesicles, are secreted by ASCs and have 
trophic effects on injured neurons. These 
factors reduce neuropathic pain by 
promoting angiogenesis and __ anti- 
inflammatory mechanisms, create a 
supportive microenvironment for nerve 
regeneration (Brini et = al., 2017b). 
Furthermore, ASCs engage in_ direct 
interactions with Schwann cells, the glial 
cells that support neurons in the peripheral 
nervous system. These interactions can 
improve Schwann cell _ proliferation, 
migration, |and myelin — production, 
important processes for nerve regeneration 
and functional recovery (Yigitturk et al., 


2022). 


Immunomodulation 
The inflammatory environment associated 
with DN __ is 
immunomodulatory abilities of ASCs. ASCs 


controlled by the 


establish a stimulating environment for 
nerve regeneration and repair by regulating 
immune cell activity and lowering the 
production of pro-inflammatory cytokines. 
Chronic hyperglycemia, a defining feature 
of diabetes, triggers a cascade of 
inflammatory events that contribute to the 
pathogenesis of DN. ASCs possess potent 
anti-inflammatory properties, offering a 
crucial weapon against this detrimental 


process. Their ability to secrete 91 
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immunomodulatory factors, _ including 
interleukin-10 (IL-10), transforming growth 
factor-B (TGF-8), and prostaglandin E2 
(PGE2), plays a key role (Cho et al., 2015). 
These factors create an environment that is 
more conducive to nerve healing by 
inhibiting the 
inflammatory macrophages and reducing 


activation of  pro- 
the release of inflammatory cytokines. 
Furthermore, ASCs interact directly with 
immune cells to modify their activity and 
encourage an anti-inflammatory response. 
They have the ability to stimulate the 
growth of regulatory T cells (tregs), which 
reduce the activity of effector T cells and 
reduce the immune response as a whole 
(Wang et al., 2024). Furthermore, ASCs 
have the ability to prevent monocytes from 
differentiating into _ pro-inflammatory 
macrophages and encourage them to 
change into anti-inflammatory 
macrophages that can heal tissue (Lu et al., 
2023). 

Neurotrophic and 

Neuroprotective Effects 


Beyond their ability to reduce 
inflammation, ASCs have neurotrophic and 
neuroprotective properties that support 
neuroregeneration and neuronal survival in 
DN. Nerve growth factor (NGF), brain- 
derived neurotrophic factor (BDNF), and 
glial cell-derived neurotrophic — factor 
(GDNF) are among the neurotrophic factors 
secreted by ASCs. These factors support 


nerve regeneration and functional recovery 


by encouraging the development, survival, 
and differentiation of neurons (Yigitturk et 
al., 2022). Additionally, ASCs demonstrate 
neuroprotective qualities, protecting 
neurons from harm caused by excitotoxicity 
and oxidative stress, both of which are 
frequent occurrences in DN (Duan et al., 
2023). They can mitigate neuronal damage 
radicals, 


by scavenging free reducing 


indicators of oxidative stress, and 
increasing the activity of antioxidant 
enzymes. Furthermore, Bcl-2 and Bcl-xL, 
two neuroprotective genes that support 
neuronal survival by averting apoptosis, 
can be upregulated in expression by ASCs 


(Z. Chen et al., 2024). 


Vasculogenic and Angiogenic 
Effects 


which 


results in decreased oxygen delivery to the 


Microvascular dysfunction, 
nerves and decreased blood flow, is 
frequently seen in DN. Nerve healing 
processes are further hampered by this 
impaired blood supply. By encouraging the 
development of new blood vessels and 
improving blood circulation to nerves, the 
angiogenic and vasculogenic qualities of 
ASCs provide a potential remedy for this 
substances 


problem. Proangiogenic 


include vascular 
(VEGF) and 
(PDGF), 


migration 


secreted by them 


endothelial growth factor 
platelet-derived growth factor 
which 


proliferation of endothelial cells, the 


promote the and 


constituents of blood vessels (De Gregorio 
et al., 2020; Zhang et al., 2020). 


Differentiation into Neurogenic 
Lineages or Schwann Cells 


Some research indicates that ASCs 
can integrate into injured nerve tissue and 
differentiate into neuronal lineages, a 
finding that is controversial (Zhang et al., 
2020). ASCs promote nerve regeneration 
by differentiating into Schwann cells, 
crucial for nerve repair. According to 
reports, induction of GDNF may cause this 
differentiation (Cai et al., 2024). The 
possibility of replacing cells directly could 
aid in the functional recovery of animal 


models of DN. 


Antioxidant Action of ASCs on 


Nerve 


Based on current research, evidence 
suggests that ASCs have the potential to 
reduce oxidative stress in diabetic 
neuropathy. ASCs have inherent 
antioxidant properties. They have the 
ability to directly scavenge free radicals, 
neutralising the damage they cause to 
nerve cells. Furthermore, ASCs have the 
ability to encourage surrounding cells to 
produce endogenous antioxidants, which 
improves the body's defences against 
oxidative stress. Studies have shown a 
decrease in mitochondrial stress (Hou et 
al., 2022) and MDA levels (Yalcin et al., 
2023) after ASC transplantation. However, 


more research is needed to _ fully 
understand their antioxidant efficacy. 
Preclinical Research Evaluating 
ASC Treatment for DN 
Many animal models of DN have 
been used in preclinical research to 
examine the effectiveness of ASC 
treatment. These studies have 
demonstrated promising results, including: 
a. Improvement in Nerve 


Function 


In animal models of DN, ASC 
administration has been demonstrated to 
increase nerve conduction velocity, sensory 
and motor function, and temperature 
sensitivity, indicating functional recovery of 


injured nerves. 


b. Reduction of Diabetic 


Neuroinflammation 


In DN, ASC therapy reduces the 
infiltration of immunological cells into 
nerve tissues and suppress the secretion 
of pro-inflammatory molecules, which 


attenuates neuroinflammation. 


c. Enhancement of Nerve 


Regeneration 


ASCs stimulate axonal outgrowth, 
remyelination, and the development of 
functional connections between neurons 
in animal models, hence promoting nerve 


regeneration. 


a, 


5.4. Challenges of Using ASCs in DN 


Even with the hopeful preclinical 
results, several challenges must be 
overcome before ASC therapy for the 
treatment of DN may be used in clinical 
trials. These include: 


e Comprehensive research is required to 
determine the long-term safety of ASC 
therapy. Immune responses and tumor 
development are two possible side 
effects of cell transplantation. 

e Determining the best time to intervene 
in relation to DN development of DN 
and optimizing the dosage, delivery 
method, and long-term safety profile of 
ASC. 

e The development of standardized 
procedures for the administration, 
growth, and isolation of ASC is essential 
for clinical _—translation. § These 
procedures should guarantee constant 
cell potency, quality, and safety among 
various treatment facilities and labs. 

e Larger animal models that more closely 
resemble human physiology and 
disease progression are needed to 
confirm the safety and efficacy of ASC 
therapy through rigorous preclinical 


investigations. 
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e Mechanistic investigations are also 
required to clarify the underlying 
cellular and molecular pathways by 
which ASCs provide their therapeutic 
benefits in DN. 


5.5.Future Plans: Improving the 
Method 


The therapeutic efficacy of ASCs 
may be increased by genetic manipulation 
to overexpress particular neurotrophic 
factors or increase their lifespans. When 
combined with other forms of therapy, such 
as medicine or physical therapy, ASC 
therapy can have a synergistic impact and 


improve overall results. 


5.6. Conclusion 


Diabetes can have devastating 
consequences, including DN, which poses a 
significant challenge to nerve regeneration 
due to the limited treatment options 
available. To better understand the 
pathophysiology of DN and assess new 
treatment approaches such as ASC therapy, 
animal models are essential. Preclinical 
research has shown that ASCs are effective 
in DN animal models of DN in reducing 
neuropathic pain, stimulating nerve 
regeneration, and regulating 
neuroinflammation. More research is 
necessary to address these issues and 
make it easier for ASC therapy to be 
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6.1. Introduction 

Sepsis is a formidable challenge in 
modern medicine, characterized by a 
dysregulated immune response to infection 
leading to life-threatening organ 
dysfunction. Diagnosed through specific 
clinical criteria that reflect the severity of 
organ failure and the systemic impact of 
the infection, sepsis continues to present 
high morbidity and mortality rates globally 
despite significant advancements _ in 
supportive care technologies and a deeper 
understanding of its underlying 
pathophysiological mechanisms, including 
immune dysregulation, endothelial 
dysfunction, and coagulation abnormalities 


(Miao et al., 2024). 


Sepsis remains a major public 
health concern with rising incidence rates, 
substantial health implications, and 
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escalating economic burdens. In the United 
States alone, it affects millions of adults 
annually, resulting in hundreds of 
thousands of deaths and _ imposing 
significant healthcare costs exceeding 
billions of dollars (Huang, 2024). The 
nonspecific nature of sepsis symptoms has 
prompted consensus meetings to refine its 
definition, | diagnostic criteria, © and 
treatment guidelines over time to enhance 


patient outcomes (C. L. Zhu et al., 2022). 


The complexity of sepsis lies in its 
multifaceted nature, involving a cascade of 
immune responses that can lead to 
widespread inflammation, tissue damage, 
and _ ultimately, organ failure. These 
intricate processes have spurred extensive 
experimental research aimed at uncovering 
the fundamental mechanisms driving 
sepsis. Such research has _ been 
instrumental in identifying potential 
therapeutic targets and refining clinical 
management practices. Innovations in the 
identification of predictive biomarkers and 
the application of machine learning 
techniques have significantly enhanced 
early diagnosis and treatment strategies. 
However, numerous challenges remain in 
translating these findings into routine 
clinical practice. The variability in patient 
responses to sepsis and the need for 
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personalized treatment approaches 
highlight the ongoing complexity of 
managing this condition. Moreover, the 
global burden of sepsis necessitates a 
unified approach to care that can be 
adapted to diverse healthcare settings, 
ensuring all patients receive the best 


possible outcomes. 


This chapter provides a 
comprehensive examination of the ongoing 
challenges and innovations in sepsis 
management. It explores current 
diagnostic and therapeutic approaches, 
highlights the role of experimental research 
in advancing our understanding of sepsis 
pathogenesis, and underscores’ the 
importance of continued investigation. By 
integrating insights from cutting-edge 
research and clinical practice, the chapter 
aims to address the complexities of sepsis 
Management, enhance diagnostic and 
therapeutic strategies, and foster a deeper 
understanding of sepsis pathogenesis. 
Ultimately, these efforts aspire to support 
the development of more effective 
interventions and promote advancements 


in critical care medicine. 


6.2. Definitions and Criteria 

In 1991, the American College of 
Clinical Pharmacy (ACCP) and the Society 
Medicine (SCCM) 
established a new set of terms and 


of Critical Care 


definitions based on clinical and laboratory 
parameters, leading to the terms "systemic 


inflammatory response syndrome," 
"sepsis," and "septic shock" (Bone et al., 


1992). 


Systemic Inflammatory Response 
Syndrome (SIRS) is a term used to describe 
a clinical response to a nonspecific insult, 
such as_ infection, trauma, burns, 
pancreatitis, or ischemia (Zarbock et al., 
2023). SIRS is characterized by the 
presence of two or more of the following 
clinical criteria: abnormal body 
temperature (either hypothermia or fever), 
tachycardia, tachypnea, and abnormal 
white blood cell count (Carlton, Perry- 
Eaddy, & Prescott, 2024). These criteria 
were initially established in the early 1990s 
and were part of the definition of sepsis at 
that time (Schlapbach et al., 2024). SIRS is 
a systemic response that can occur in 
various conditions, not limited to infection, 
and is a key component in the diagnosis of 


sepsis. 


Sepsis is a complex and serious 
condition characterized by an overactive 
immune response to infection, leading to 
harmful inflammation and organ failure. 
This excessive inflammatory response can 
damage tissues and organs, resulting in 
potentially fatal outcomes if not promptly 
and effectively treated. Over the years, the 
medical community's understanding of 
sepsis has evolved significantly, reflecting 
advancements in research and clinical 


practice (Loser et al., 2023). 


99 


The definition of sepsis has 


undergone considerable __ refinement. 
Initially, sepsis was identified using the 
Systemic 
Syndrome (SIRS) 


emphasized generalized inflammation. 


Inflammatory Response 


criteria, which 


However, this approach was found to be 
too broad and not sufficiently specific, as 
SIRS can occur in conditions other than 
sepsis. Recognizing the need for a more 
precise definition, the most recent 
consensus’ redefined sepsis as a 
dysregulated host response to infection, 
which results in life-threatening organ 
dysfunction (Yamakawa et al., 2023). 


This shift in definition has led to a 
corresponding change in diagnostic 
criteria. The current criteria focus more on 
the presence of acute organ dysfunction 
triggered by an infection rather than solely 
on the inflammatory response. This 
approach aims to more accurately identify 
patients at risk of severe complications and 
to ensure timely intervention. Key 
indicators of organ dysfunction may include 
altered mental status, difficulty breathing, 
low blood pressure, reduced urine output, 
and abnormalities in blood tests, among 
others (Islam et al., 2023). 


The emphasis on_ identifying 
infection alongside acute organ dysfunction 
marks a significant departure from the 
previous reliance on SIRS criteria. This 
refined focus helps clinicians better 
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diagnose and manage sepsis, improving 
patient outcomes by facilitating early 
recognition and treatment (Mosevoll et al., 
2023). A comprehensive table has been 
compiled to provide a_ thorough 
examination of sepsis-related research, 
encompassing studies that address various 
aspects of sepsis, from its pathophysiology 
to potential treatment strategies (Table 1). 
This table highlights key findings and 
implications from each study, offering a 
snapshot of the diverse research landscape 
in the field of sepsis. Synthesizing this 
information aims to present an integrated 
view of current advancements and ongoing 
challenges in sepsis management, thereby 
contributing to a broader understanding 
and the development of more effective 


interventions in critical care. 


Septic shock is a severe form of 
sepsis characterized by circulatory, cellular, 
and metabolic abnormalities that increase 
the risk of mortality (Mellhammar et al., 
2023). It is defined as sepsis with 
persistent hypotension requiring 
vasopressors to maintain a mean arterial 
pressure of 65 mm Hg or greater and a 
serum lactate level greater than 2 mmol/L 
despite adequate fluid resuscitation 
(Vallicelli et al., 2022). Septic shock 
represents a _ critical stage in the 
progression of sepsis, where the body's 
response to infection leads to profound 


circulatory dysfunction and organ failure 


(Daering & Al-Hasan, 2022). The mortality 
risk associated with septic shock 
significantly higher than that of sepsis 


is recognition and 


Table 1. Comprehensive Overview of Sepsis-Related Research 


alone, highlighting the importance of early 


intervention in this 


condition (Al-Husinat et al., 2023). 


Reference 


Title 


Findings 


Implications 


Fu et al., 2023 


All-Natural Immunomodulatory Bioadhesive 
Hydrogel Promotes Angiogenesis and Diabetic 
Wound Healing by Regulating Macrophage 
Heterogeneity 


The study discusses the role of  pro- 
inflammatory macrophages (M1) and _anti- 
inflammatory macrophages (M2) in wound 
healing and angiogenesis. 


Potential for developing novel therapies for diabetic 
wound healing by modulating macrophage responses. 


Thomas-Ruddel et al., 2024 


Epirubicin for the Treatment of Sepsis and 
Septic Shock (EPOS-1): study protocol for a 
randomised, placebo-controlled phase Ila 
dose-escalation trial 


The research focuses on using epirubicin for 
sepsis treatment based on Sepsis-3 criteria, 
emphasizing infection-associated organ 
dysfunction. 


Investigating a potential new treatment approach for 
sepsis management targeting organ dysfunction. 


Dennhardt et al., 2024 


Cell-free DNA in patients with sepsis: long 
term trajectory and association with 28-day 
mortality and sepsis-associated acute kidney 
injury 


The study explores the use of cell-free DNA as 
a marker for predicting mortality and sepsis- 
associated acute kidney injury in septic patients. 


Highlighting the potential of cell-free DNA as a 
prognostic marker for sepsis outcomes and 
complications. 


Sekino, Selim, & Shehadah, 
2022 


Sepsis-associated brain injury: underlying 
mechanisms and _ potential therapeutic 
strategies for acute and long-term cognitive 
impairments 


The research delves into mechanisms of sepsis- 
associated brain’ injury and _ proposes 
therapeutic strategies for cognitive impairments 
in sepsis survivors. 


Offering insights into the neurological consequences of| 
sepsis and avenues for improving cognitive outcomes 
post-sepsis. 


Moro et al., 2023 


Dynamics of iron metabolism in patients with 
bloodstream infections: a time-course clinical 
study 


The study investigates iron metabolism 
dynamics during sepsis and its correlation with 
disease severity, as indicated by the SOFA 
score. 


Shedding light on the role of iron metabolism in sepsis 
progression and its potential as a marker for disease 
severity. 


Steletou et al., 2023 


Serum YKL-40 as a Potential Biomarker for 
Sepsis in Term Neonates—A Pilot Study 


The study demonstrates the utility of serum 
YKL-40 levels as a biomarker for sepsis in 
neonates, showing differences in levels between 
acute and remission phases. 


Proposing YKL-40 as a_ potential biomarker for 
diagnosing sepsis in neonates and monitoring disease 
progression. 


Tan, Cheng, Wang, Tong, & 
Qin, 2022 


Peripheral Transplantation of Mesenchymal 
Stem Cells at Sepsis Convalescence Improves 
Cognitive Function of Sepsis Surviving Mice 


The research highlights the benefits of 
mesenchymal stem cell transplantation in 
improving cognitive function in sepsis survivors. 


Suggesting a potential therapeutic approach to 
mitigate cognitive impairments in __ individuals 
recovering from sepsis. 


Ortiz Wilczyfski et al., 2023 


The synthetic phospholipid C8-C1P 
determines pro-angiogenic and _ pro- 
reparative features in human macrophages 
restraining the proinflammatory M1-like 
phenotype 


The study elucidates the role of synthetic 
phospholipids in modulating macrophage 
phenotypes towards a pro-reparative state, 
impacting inflammation. 


Offering insights into potential therapeutic targets for 
regulating macrophage responses in inflammatory 
conditions like sepsis. 


Lopez-Martinez, Franco- 
Martinez, Martinez-Subiela, & 
Cerén, 2022 


Biomarkers of sepsis in pigs, horses and 
cattle: from acute phase proteins to 
procalcitonin 


The research compares biomarkers for sepsis 
detection in animals, emphasizing the utility of 
procalcitonin and acute-phase proteins in 
human patients. 


Highlighting the relevance of animal models in studying 
sepsis biomarkers and their potential translation to 
human medicine. 


Park et al., 2022 


Effects of Glucocorticoid Therapy on Sepsis 
Depend Both on the Dose of Steroids and on 
the Severity and Phase of the Animal Sepsis 
Model 


The study investigates the impact of 
glucocorticoid therapy on sepsis outcomes, 
considering dosage and disease phase. 


Providing insights into the nuanced effects of 
glucocorticoids in sepsis based on dosing and disease 
severity, aiding in treatment decisions. 
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6.3. Mechanisms and 
Pathophysiological Alterations 


Sepsis is characterized by a biphasic 
response involving an_ initial pro- 
inflammatory phase followed by a 
compensatory anti-inflammatory phase, 
often leading to immunosuppression. The 
early hyperdynamic phase is typified by 
increased cardiac output and reduced 
systemic vascular resistance, while the 
subsequent hypodynamic phase is marked 
by decreased cardiac output and systemic 
vascular resistance. This dysregulated 
immune response in sepsis can lead to 
immunosuppression, further complicating 
the clinical course of the condition (Arora, 
Mendelson, & Fox-Robichaud, 2023a). 


Sepsis progresses through distinct 
phases, each characterized by specific 
pathophysiological changes and _ clinical 
manifestations. The early phase of sepsis 
involves the initial response to infection, 
typically within the first 12 hours, where 
interventions such as fluid resuscitation 
and norepinephrine administration play a 
crucial role in mitigating kidney 
hypoperfusion and inflammation (Fanous 
et al., 2024). This phase sets the stage for 
the subsequent progression of sepsis, 
which can lead to septic shock, multiple 
organ failure (MOF), and ultimately sepsis- 
induced death (Han, Yoon, Bang, & Park, 
2024). The transition from the early phase 
to these severe outcomes is marked by a 
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cascade of events involving metabolic 
reprogramming, immune dysregulation, 


and organ dysfunction. 


Metabolic alterations play a 
significant role in driving the progression of 
sepsis. Understanding the metabolic 
reprogramming that occurs in different 
cells and disease stages is crucial, 
contributing to immune imbalance and 
organ failure. This metabolic shift is closely 
intertwined with the immune response, 
where the initial hyperinflammatory state in 
the early stages of sepsis can progress to 
immunosuppression, leading to a state of 
"self-sacrifice" of immune cells. These 
immune alterations impact the body's 
ability to combat the initial infection and set 
the stage for further complications such as 
multiple organ failure (Wen, Xie, Yuan, & 
Zhang, 2022). 


Various factors influence the 
progression of sepsis, including host gene 
expression, gut microbiome changes, and 
the interplay of different cellular pathways. 
Host gene expression patterns are useful in 
predicting sepsis progression, especially in 
identifying patients at risk of deteriorating 
from infection to sepsis or septic shock 
(Fiorino et al., 2022). The role of the 
intestinal microbiome and metabolome 
shapes the clinical outcomes of sepsis, 
determining the severity of the condition 
(S. Sun et al., 2023). 


The immune system's response in 
sepsis, particularly the role of immune cells 
like macrophages, is pivotal in determining 
disease outcomes. Macrophage 
dysfunction is intricately linked to sepsis 
progression, multiple organ failure, and 
overall survival rates, modulating the 
inflammatory response during sepsis (L. 
Yang et al., 2024). The dysregulation of 
immune cell function, coupled with the 
systemic inflammatory cascade, 
contributes to  sepsis-induced organ 
damage and failure, exacerbating the 


clinical course of the disease. 


Early diagnosis and timely care 
significantly impact mortality _ rates. 
However, sepsis diagnosis is challenging 
due to the lack of specific clinical, imaging, 
or biochemical indicators. The nonspecific 
nature of SIRS (Systemic Inflammatory 
Response Syndrome) symptoms has led to 
inconsistencies in sepsis incidence and 
mortality reporting in epidemiological 
studies. The 2016 redefinition of sepsis 
emphasizes the host's inadequate response 
to infection, facilitating better recognition 
in clinical practice. This change, along with 
the development of bundled guidelines for 
sepsis treatment, has contributed to a 
decline in mortality rates, although the total 
number of deaths continues to rise due to 
increasing sepsis cases (Shankar-Hari et 
al., 2016). 


6.4. Clinical Manifestations and 
Associated Factors 


Sepsis is a life-threatening condition 
that arises when the body's response to an 
infection causes inflammation throughout 
the body, leading to organ dysfunction. 
Understanding the risk factors associated 
with sepsis is crucial for early identification, 
prevention, and effective management of 
this condition. Several studies have delved 
into various risk factors for sepsis, shedding 
light on different aspects that contribute to 
its development and progression. 


Various risk factors have been 
studied for their association with sepsis 
(Table 2). One significant risk factor for 
sepsis is the presence of comorbidities and 
underlying health conditions. Research has 
shown that factors such as age, Sex, 
chronic diseases, and socioeconomic status 
play a role in predisposing individuals to 
sepsis. Older age, in particular, has been 
identified as a risk factor for increased case 
fatality in sepsis patients (Glibetic et al., 
2022). Additionally, socioeconomic status 
has been inversely associated with sepsis 
risk and mortality, with lifestyle factors like 
smoking and alcohol consumption 
explaining a significant proportion of the 
risk related to low education (Stensrud et 
al., 2023). 


In the context of specific medical 
conditions, studies have highlighted the 


relationship between sepsis and other 
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health issues. Comorbidities and underlying 
health conditions are critical, with chronic 
diseases like cardiovascular disease 
complicating sepsis and _ leading to 
inflammation, endothelial dysfunction, 
neurohormonal activation, and increased 
thrombotic risks (Wardi, Pearce, DeMaria, 
& Malhotra, 2023). Furthermore, peripheral 
arterial occlusive disease and deep venous 
thrombosis are linked to higher sepsis risk, 
presenting with circulatory issues and 
heightened infection risk (B.-Y. Wang et al., 
2022). 


Age has been consistently identified 
as a Significant risk factor for sepsis, with 
older individuals being more vulnerable to 
developing this condition. Additionally, 
underlying chronic conditions such as 
cancer and dementia are associated with 
an increased risk of sepsis and higher 
mortality rates (Pandolfi, Brun-Buisson, 
Guillemot, & Watier, 2022). In neonatal 
sepsis, maternal factors like multiparity, 
and maternal urinary tract infections have 
been identified as risk factors for early- 
onset sepsis in newborns. Other factors 
that may increase the risk of perinatal 
sepsis include intrauterine _ distress, 
perinatal asphyxia, meconium 
contamination in amniotic fluid, premature 
rupture of membranes, specific bacterial 
colonization during pregnancy, and 
chorioamnionitis, maternal urinary and 


reproductive tract infections, perinatal 
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fever, lower gestational age, and deficient 
birth weight (L. Guo et al., 2023). Tailoring 
risk assessments to specific patient groups 
can aid in early identifying and managing 
sepsis in these populations. Understanding 
these demographic and health-related risk 
factors is crucial for risk assessment and 
early intervention in susceptible 


populations. 


In neonatal populations, maternal 
health influences sepsis risk, with elevated 
interleukin-6 levels in umbilical cord blood 
predicting early-onset neonatal sepsis, 
which manifests as fever, lethargy, and 
respiratory distress (Fadilah, Haksari, & 
Wandita, 2022). Understanding these risk 
factors is crucial for the timely identification 
and management of sepsis in vulnerable 
populations like neonates. Moreover, 
genetic factors have also been explored in 
the context of sepsis, with genetic risk 
scores being evaluated for their utility in 
cardiovascular 


predicting — post-sepsis 


complications, influencing Clinical 
management strategies (McElligott et al., 


2023). 


In critically ill patients, factors such 
as the systemic immune _ inflammation 
index (SII) have been identified as risk 
factors for postoperative sepsis, indicating 
the importance of immune response in 
systemic inflammation and multi-organ 
dysfunction (J. Yang et al., 2024). 


Additionally, | thromboprophylaxis — with 
agents like argatroban has been studied in 
sepsis patients to manage coagulation 
abnormalities and reduce the risk of 
bleeding complications in later stages of 
sepsis (Bachler et al., 2022). Furthermore, 
the impact of viral infections on sepsis risk 
has been investigated, with studies 
demonstrating that susceptibility to herpes 
simplex virus-1 and cytomegalovirus can 
elevate the severity of sepsis and increase 
mortality rates in critical care settings (Shi 
et al., 2024). 


Early detection and intervention are 
crucial in improving outcomes and reducing 
mortality rates in sepsis. Implementing 
sepsis protocols and definitions has shown 
promise in lowering overall mortality rates, 
particularly in hospitals with high volumes 
of severe sepsis cases. Moreover, the 
effects of specific treatments, such as the 
use of Gabexate Mesylate on the gut 
microbiota in septic rats, have been 
explored for their potential impact on 
mortality outcomes (W. Sun et al., 2022). 


Grasping these clinical 
manifestations and associated factors is 
crucial for the timely identification and 
effective management of sepsis across 
diverse populations. Research on sepsis 
risk factors covers a broad spectrum of 
variables, including demographic 
characteristics, comorbidities, immune 


responses, genetic predispositions, and 


other medical conditions. By elucidating 
these risk factors, researchers aim to 
improve risk stratification, refine early 
detection strategies, and ultimately enhance 
the management and outcomes for sepsis 


patients. 
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Table 2. Clinical Manifestations and Risk Factors in Sepsis 


Category 


Causal Relationship 


Clinical Manifestations 


References 


Demographic 
and 
Socioeconomic 


Age, SEX, socioeconomic status, 
environmental factors, ethnicity, smoking, 
alcohol consumption, cardiovascular 
diseases, cancer, demantia 


Frailty, decreased reserves, 
lifestyle-related health impacts 


(Glibetic et al., 2022; 
Stensrud et al., 2023) 


Comorbidities Genetic predisposition, | comorbidities, | Inflammation, endothelial | (B.-Y. Wang et al., 2022; 
peripheral arterial occlusive disease, deep | dysfunction, thrombotic | Wardi et al., 2023) 
venous thrombosis complications, immune response 

Maternal, Fetal | Multiparity, maternal infections, intrauterine | Fever, lethargy, respiratory | (Fadilah et al., 2022; L. 

and Neonatal distress, perinatal asphyxia, meconium | distress, intrauterine distress, | Guo et al., 2023; Pandolfi 


contamination in amniotic fluid, premature 
rupture of membranes, bacterial 
colonization during pregnancy, and 
chorioamnionitis, perinatal fever, lower 
gestational age, deficient birth weight, other 
infant factors (Interleukin-6 levels) 


perinatal asphyxia 


et al., 2022) 


Genetic Risk scores Post-sepsis cardiovascular | (McElligott et al., 2023) 
complications 

Critical Illness | Systemic Immune Inflammation Index | Early warning system for sepsis | (Bachler et al., 2022; J. 

and Trauma (SII); type of surgery and postoperative | detection, systemic | Yang et al., 2024; J. 

care (e.g. post-craniotomy patients) inflammation, multi-organ Zhou et al., 2022) 

dysfunction 

Susceptibility Herpes simplex virus-1, cytomegalovirus Exacerbated inflammation, | (Shi et al., 2024) 

to Viral immune dysregulation 

Infections 


Early Detection 
& Intervention 


Sepsis Protocols, Specific Treatments 


Improved clinical outcomes, 
managed complications 


(W. Sun et al., 2022; 
Wasfie et al., 2022) 
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6.5. Diagnosis 


The evolution of sepsis definitions 
from Sepsis-1 to Sepsis-3 has refined the 
understanding of sepsis, emphasizing 
organ dysfunction as a key component (Y. 
C. Liu et al., 2022). Before administering 
antibiotics, microbiological culture samples 
should be collected from patients with 
suspected sepsis or septic shock. This is 
because antimicrobial therapy can alter 
culture results, making it difficult to identify 
the true etiological pathogens. 
Microbiological analysis should be initiated 
as soon as possible, ideally within the first 
45 minutes, to avoid delays in starting 
antimicrobial therapy. Samples should be 
collected from all suspected infection sites, 
including blood, cerebrospinal fluid, urine, 
wounds, respiratory secretions, and other 


body fluids (Rhodes et al., 2017). 


Blood culture remains the gold 
standard for diagnosing infection, although 
only about 30% of sepsis patients have 
positive blood cultures (Evans et al., 2021). 
Early clinical signs of sepsis, such as fever, 
tachycardia, and _ leukocytosis, are 
nonspecific and overlap with SIRS. 
Symptoms like hypotension and 
thrombocytopenia appear later, and delays 
in diagnosis can lead to multi-organ failure, 
prolonged hospital stays, and increased 


mortality (Shankar-Hari et al., 2016). 


The Sequential Organ Failure 
Assessment (qSOFA) score is a valuable 
tool in the assessment of patients with 
suspected 
identifying those at high risk of mortality 
and organ failure. Studies have shown that 


infection, particularly in 


even a single point on the qSOFA score can 
indicate a substantial risk for death among 
patients (Adami et al., 2024). The modified 
qSOFA (m-qSOFA) has been highlighted as 
a simple scoring system that can effectively 
predict outcomes such as transplant-free 
survival and organ failure development in 
patients with chronic liver disease (Song et 
al., 2024). The streamlined method known 
as qSOFA was developed to simplify the 
complexity and number of laboratory tests 
required for scoring systems in predicting 
survival rates in conditions like Fournier 
Gangrene (Warli, Pakpahan, Nasution, 
Kadar, & Adhyatma, 2024). 


In pediatric sepsis, the Liverpool 
Rapid Sequential Organ Failure Assessment 
(LqSOFA) has been developed as a 
modification of the age-adjusted qSOFA, 
showing improved’ performance _ in 
identifying febrile children at risk for critical 
care admission and sepsis-related mortality 
(Jia et al., 2024). The qSOFA score has 
been independently associated with an 
increased risk of mortality in patients with 
sepsis in Vietnamese intensive care units 
(Do et al., 2022). However, the sensitivity 


and specificity of the qSOFA score for 
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predicting short-term mortality have been 
reported to be 48% and 86%, respectively 
(Vosseteig, Huang, & Jones, 2023). 


Various revised versions of the 
qSOFA, such as the _lactate-enhanced 
qSOFA (LqSOFA) and the procalcitonin- 
enhanced qSOFA (PqSOFA), have been 
developed to enhance the effectiveness of 
the scoring system (Hu, Jiang, & Yao, 
2022). The qSOFA score, which includes 
clinical criteria like systolic blood pressure, 
respiratory rate, and altered mentation, is 
widely used in the emergency department 
to identify sepsis patients (H. Park et al., 
2022). Studies have shown that a qSOFA 
score of 2 or higher is prognostic of 
pancreatitis severity in patients with 
alcohol-induced pancreatitis (Wagner et 
al., 2022). Additionally, a qSOFA score 
greater than two has been associated with 
an increased mortality rate in sepsis 
patients (Khan, Mahmood, Qayyum, & 
Younas, 2022). 


The qSOFA score has_ been 
advocated for use in defining sepsis in the 
general population, along with the Sepsis- 
3 criteria, as a tool for identifying patients 
with suspected infection who are at a high 
risk of poor outcomes (Nielsen, Steehr, 
S@rensen, Schmidt, & Abdullah, 2022). 
However, there are studies suggesting that 
the qSOFA score may have low sensitivity 
for in-hospital mortality in patients 
hospitalized with suspected infection (Citu 
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et al., 2022). The predictive abilities of the 
qSOFA criteria have been compared with 
other prognostic scoring systems, such as 
the PIPAS severity score tool, in predicting 
in-hospital mortality of conditions like 
peritonitis (Iranya et al., 2022). Further 
research and comparative studies are 
essential to evaluate the performance and 
utility of the qSOFA score in different 
healthcare scenarios and patient 


populations. 
6.6. Predictive Biomarkers 


Clinical biomarkers and prognostic 
indicators play a pivotal role in the 
prediction, diagnosis, and management of 
sepsis. From traditional markers like CRP 
and Procalcitonin to novel biomarkers like 
microRNAs and noncoding RNAs, the 
landscape of sepsis biomarker research is 
vast and diverse. These biomarkers offer 
valuable insights into the pathophysiology 
of sepsis, aid in early and accurate 
diagnosis, and hold promise for guiding 
therapeutic interventions. As research in 
this field continues to advance, the 
discovery of novel biomarkers and the 
integration of multi-omics approaches are 
poised to revolutionize the management of 
sepsis, ultimately improving _ patient 


outcomes. 


Biomarkers play a crucial role in the 
Management of sepsis, aiding in_ its 
prediction, diagnosis, and assessment of 
response to therapy. Various biomarkers 


have been studied in the context of sepsis, 
such as Presepsin, which has been 
identified as a novel diagnostic and 
prognostic biomarker for sepsis (Yoshinari, 
Kawahara, Niijima, Oh, & Morimoto, 2024). 
Additionally, the Pediatric Sepsis Biomarker 
Risk Model (PERSEVERE) has_ been 
developed as a stratification tool to identify 
children at risk of death due to septic shock 
and severe sepsis (Rodgers, Mills, Watson, 
& Waterfield, 2024) 


In the realm of biomarker discovery 
for sepsis, research has delved _ into 
elucidating common pathogenic 
transcriptional networks’ in __ infective 
endocarditis and_ sepsis, highlighting 
promising biomarkers like SCAMP5 for 
diagnosis and pathways like PI3K/Akt-HIF- 
la for modulating immunological 
responses in sepsis patients (Yi, Zhang, 
Yang, Chen, & Jiang, 2023). Furthermore, 
the identification of endoplasmic reticulum- 
related gene signatures, including SET, 
LPIN1, TXN, and CD74, has shown promise 
as characteristic diagnostic biomarkers for 
sepsis (Y. Zhou et al., 2023). These 
biomarkers provide valuable insights into 
the pathophysiology of sepsis and offer 
potential targets for therapeutic 


interventions. 


Moreover, microRNAs, such as mir- 
3663-3p, have emerged as_ powerful 
diagnostic and predictive biomarkers for 
sepsis. The combination of microRNAs with 


other biomarkers like TLR4/TDAG8 mRNAs 
and proinflammatory cytokines has been 
proposed as a reliable approach for the 
rapid diagnosis and early identification of 
sepsis (Xu, Bu, Tian, Wu, & Yang, 2022). 
Additionally, noncoding RNAs have been 
evaluated as potential biomarkers for 
sepsis, with 94 ncRNAs showing promise in 
this regard (Tao Zhang, Yang, Liu, Zhang, 
& Yang, 2022). These findings underscore 
the complexity of sepsis pathophysiology 
and the diverse array of biomarkers that 


can aid in its diagnosis and management. 


In neonatal sepsis, biomarkers like 
cord blood PCT have shown robust 
diagnostic performance, with elevated 
sensitivity and specificity for identifying 
sepsis in newborns (Ezinmegnon et al., 
2022). Similarly, SFAS has been studied as 
a biomarker for sepsis in hospitalized 
children, showing promising results when 
combined with other markers for the 
diagnosis of sepsis (Rautiainen et al., 
2022). These findings are particularly 
significant in the neonatal and pediatric 
populations, where early and accurate 
diagnosis of sepsis is crucial for improving 


outcomes. 


The addition of procalcitonin to 
scoring systems like SIRS and Quick Sepsis- 
Related Organ Failure Assessment (qSOFA) 
scoring system has been shown to enhance 
the prediction of sepsis mortality (Shah et 
al., 2022). Additionally, the combination of 
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the neutrophil/lymphocyte ratio with red 
blood cell distribution width has been 
proposed as a prognostic indicator for 
emergency patients with sepsis, with a 
reported mortality rate of approximately 
36.27% (Lin, Zhang, Tang, & Tang, 2022). 
The red cell distribution width-to-platelet 
ratio has also been investigated for its 
association with mortality in septic patients 
(Lin et al., 2022). 


Polo-like kinase 1 (PLK1) inhibitors 
are a key focus in cancer therapy due to 
PLKi's role in cell cycle regulation and 
tumor growth. Inhibitors like BI2536, 
Volasertib, and Onvansertib show promise 
by inducing cancer cell death, especially in 
combination therapies (Yurtcu & Gdkhan, 
2022). PLK1 also maintains intestinal 
barrier functions during sepsis by 
interacting with the mTOR pathway, 
suggesting potential in sepsis management 
(Chiappa et al., 2022). 


PLK1's interaction with the 
PI3K/AKT/mTOR pathway, which stabilizes 
DNMT1, highlights its multifaceted role in 
cellular processes (Choi et al., 2023). In 
sepsis, the mTOR pathway is crucial in 
mediating CD4+ T cell apoptosis, and 
targeting this pathway may help modulate 
immune responses (H. Wang et al., 2022). 
The PI3K/AKT/mTOR pathway is also 
involved in sepsis-induced myocardial 
injury (Bi et al., 2023). Omega-3 
polyunsaturated fatty acids protect against 
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sepsis through the AMPK/mTOR pathway, 
showing the potential of nutritional 
interventions (P. Liu et al., 2023). 
Autophagy's role in sepsis is significant, 
with AMPK/mTOR pathway interventions 
offering promise in_ treating  sepsis- 
associated myocardial injury (Gao et al., 
2023). 


In the clinical setting, biomarkers 
like Neutrophil CD64 expression have 
demonstrated high specificity and positive 
predictive value in distinguishing sepsis 
from other conditions, making them 
valuable tools for accurate diagnosis, 
especially in emergency departments 
(Arora, Mendelson, & Fox-Robichaud, 
2023b). Similarly, the diagnostic value of 
Presepsin has been highlighted in patients 
with sepsis, suggesting its utility as a novel 
biomarker for predicting and diagnosing 
sepsis (Paraskevas et al., 2023). These 
biomarkers offer clinicians valuable insights 
into the presence of sepsis and aid in 
making timely and accurate treatment 


decisions. 


Furthermore, single-cell RNA 
identified 


diagnostic and prognostic biomarkers for 


sequencing has potential 
sepsis, such as BCL2A1, which has shown 
good diagnostic and prognostic value for 
the disease (J. Li et al., 2022). This 
highlights the importance of leveraging 
advanced technologies to uncover novel 


biomarkers that can enhance the 


management of sepsis. In summary, sepsis 
research holds the potential to significantly 
expand the repertoire of biomarkers 
available for diagnosing this critical 


condition in human subjects. 
6.7. Treatment 


Source Control: When a specific site 
of infection is identified, source control 
interventions such as debridement of 
necrotic tissue, abscess drainage, and 
removal of infected devices should be 
implemented promptly. 


Antimicrobial Therapy: Current 


guidelines recommend — administering 
appropriate intravenous antibiotics as soon 
as possible after diagnosing sepsis or septic 
shock, ideally within the first hour. Broad- 
spectrum antibiotics should be used 
initially, and therapy should be adjusted 
based on local epidemiological data and 
antibiotic resistance patterns. The typical 
duration of antibiotic treatment is 7-10 
days, but this should be adjusted based on 
the patient's clinical condition and response 


to treatment (Rhodes et al., 2017). 


Intravenous Immunoglobulin 
Therapy: Although immunosuppression 
plays a role in sepsis and septic shock, 
routine administration of intravenous 
immunoglobulins (IVIG) is not 
recommended by current guidelines. IVIG 
may have immunomodulatory effects, but 


further research is needed to establish its 


efficacy in sepsis treatment (Shankar-Hari 
et al., 2016). 


Other Interventions: Monitoring 
lactate levels and using them to guide 
treatment has become standard practice in 
managing sepsis. Imaging tests such as X- 
rays, CT scans, and ultrasounds are also 
used to evaluate organ condition, detect 
complications, and identify infection sites. 


6.8. Innovations and Future 


Directions 


Sepsis is a severe and _life- 
threatening condition characterized by a 
dysregulated host response to infection, 
resulting in organ dysfunction and high 
mortality rates. Research in sepsis 
encompasses various aspects, including 
understanding immunosuppression 
mechanisms, exploring novel treatment 
identifying 
biomarkers. Immunotherapy, particularly 


options, and predictive 
with immune checkpoint inhibitors, has 
shown promise in preclinical studies by 
reversing immunocyte dysfunctions and 
enhancing host resistance. Neutrophil 
death dysregulation is a critical area of 
study in sepsis research due to the pivotal 
role of neutrophils in the inflammatory 
response during’ sepsis. While the 
mechanisms of neutrophil cell death in 
sepsis are essential for developing targeted 
interventions, the exact role of neutrophil 
death in sepsis pathogenesis remains 
incompletely understood. 


lll 


Predicting outcomes in_ sepsis 
patients, especially neonates, is crucial for 
guiding treatment decisions and improving 
patient safety. Sequential organ failure 
assessment scores have been used to 
predict outcomes in adult and neonatal 
sepsis, allowing for a more targeted 
approach to patient care and research. 
Enhancing the accuracy of outcome 
assessments in sepsis can lead to better 
tailored 


resource allocation and 


interventions for improved patient 
outcomes. Machine learning techniques 
have been applied in sepsis research to 
predict and manage the condition 
effectively. A scoping review of machine 
learning for sepsis prediction demonstrated 
the potential of these models in diverse 
clinical settings, including intensive care 
units and emergency departments, with a 
substantial number of patients included in 
the analysis. Machine learning algorithms 
offer a data-driven approach to identifying 
sepsis early and optimizing treatment 
strategies based on_ individual patient 
characteristics (C. L. Zhu et al., 2022). 


The evolution of the concept of 
sepsis has led to a better understanding of 
the condition and its clinical manifestations. 
The introduction of the term "sepsis 
syndrome" aimed to encompass the clinical 
signs of infection and organ dysfunction, 
emphasizing the systemic nature of the 
disease. This conceptual evolution has 
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paved the way for more targeted 
approaches to sepsis diagnosis and 
management, highlighting the importance 
of early recognition and intervention to 
improve patient outcomes (del Fresno, 
Schulte, & Lopez-Collazo, 2023). 


In veterinary medicine, sepsis is 


currently defined as a __ systemic 
inflammatory response syndrome (SIRS) to 
infection, requiring the presence of at least 
two of four SIRS criteria along with a 
suspected septic focus for confirmation. 
However, there is a need to establish clear 
diagnostic criteria and treatment guidelines 
specific to small animals to enhance clinical 
practice (Ciuffoli et al., 2024). The criteria 
used for diagnosing sepsis in veterinary 
medicine often involve a combination of 
abnormal vital signs, laboratory evidence of 
inflammation, and_ identification of a 
suspected septic focus. While the 2005 
consensus definitions are commonly used 
for recognizing sepsis in small animals, the 
Sepsis-3 definitions are considered more 
disease 


suitable for benchmarking, 


classification, trial enrollment, and 
prognostication (Morin et al., 2022). This 
highlights the importance of aligning 
diagnostic criteria with the latest 
advancements in sepsis research to ensure 
accurate identification and management of 


sepsis cases in small animals. 


The role of bile acids in maintaining 


intestinal barrier function and _ their 


interactions with bile acid receptors and gut 
microbiota have been implicated in various 
gastrointestinal diseases, including sepsis. 
Bile acids play a critical role in regulating 
intestinal homeostasis and barrier integrity, 
highlighting their potential as therapeutic 
targets in sepsis and related conditions. 
Understanding the mechanisms underlying 
bile acid-mediated intestinal —_ barrier 
dysfunction can lead to the development of 
novel treatment strategies for sepsis and 
other gastrointestinal disorders. 


In critical care settings, the 
adequacy of empiric antibiotic therapy is 
crucial for improving outcomes in sepsis 
patients and reducing mortality rates. 
Ensuring the timely administration of 
appropriate antibiotics based on the 
suspected pathogens can _ significantly 
impact patient prognosis and treatment 
response in sepsis. Reviewing the evidence 
on empiric antibiotic therapy in critically ill 
sepsis patients can guide clinical practice 
and optimize treatment strategies for 
better patient outcomes (W. Guo et al., 
2023). Endothelial kinase and phosphatase 
involvement in sepsis pathophysiology 
presents a promising avenue for drug 
development and _ treatment design. 
Targeting endothelial signaling pathways 
and vascular biology in sepsis-associated 
multiple organ failure can lead to the 
development of novel _ therapeutic 


interventions to improve patient outcomes. 


By unlocking the untapped potential of 
endothelial kinases and _ phosphatases, 
researchers can advance the field of sepsis 
research and enhance treatment options 
for critically ill patients (Murao, Aziz, & 
Wang, 2023). 


Gene expression-driven machine 
learning approaches have the potential to 
enhance our understanding of clinical 
sepsis and improve patient outcomes 
through personalized medicine strategies. 
By integrating gene expression data with 
machine learning algorithms, researchers 
can. identify novel biomarkers and 
therapeutic targets for sepsis 
management, paving the way for more 
effective and tailored treatment 
approaches. This data-driven approach to 
sepsis research holds great promise for 
advancing precision medicine in critical 
care settings (Teng Zhang, Zhao, Fu, Chen, 
& Ma, 2022). Cathepsins, a group of 
proteases involved in various cellular 
processes, have been implicated in sepsis 
pathogenesis through a Mendelian 
randomization study. Investigating the 
causal associations between cathepsins 
and sepsis severity can provide valuable 
insights into the molecular mechanisms 
underlying sepsis progression and organ 
dysfunction. Understanding the role of 
cathepsins in sepsis can lead to the 


development of targeted therapies aimed 
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at modulating their activity and improving 
patient outcomes (Y. Li et al., 2023). 


Serum total bile acid levels have 


emerged as potential prognostic 
biomarkers for predicting survival in 
children with sepsis, highlighting their 
utility in risk stratification and treatment 
decision-making. Challenges remain in the 
clinical implementation and validation of 
numerous biomarkers in sepsis prognosis, 
underscoring the need for further research 
and validation studies. Integrating 
prognostic biomarkers like serum bile acids 
into clinical practice can enhance risk 
assessment and improve outcomes in 
pediatric sepsis patients (Mulet et al., 
2023). Monoclonal antibodies targeting 
procathepsin L have shown promise in 
treating potentially lethal sepsis by 
modulating inflammatory responses and 
cytokine/chemokine — production. The 
interaction of procathepsin L with Toll-like 
receptor 4 and the receptor for advanced 
glycation end products underscores its role 
in immune dysregulation and organ 
dysfunction in sepsis. Developing 
neutralizing antibodies against 
procathepsin L_ represents a_ novel 
therapeutic strategy for managing sepsis 
and mitigating its detrimental effects on 


host physiology (C. S. Zhu et al., 2023). 


The impact of the COVID-19 
pandemic on sepsis epidemiology has 
emphasized the importance of timely and 
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accurate data on_ sepsis incidence, 
outcomes, and trends. Understanding the 
epidemiological shifts in sepsis during the 
COVID-19 era is crucial for informing public 
health policies, resource allocation, and 
research priorities. Updating our 
knowledge of sepsis epidemiology in the 
context of the COVID-19 pandemic can 
help address the evolving challenges in 
sepsis management and _ prevention. 
Ambient temperature has been identified 
as a critical factor influencing sepsis 
progression and outcomes in experimental 
mouse models, emphasizing the need to 
consider environmental stressors in sepsis 
research. Incorporating ambient 
temperature as aé_ key variable’ in 
experimental sepsis models can improve 
the translational relevance of preclinical 
studies and enhance our understanding of 
the environmental factors impacting sepsis 
pathophysiology. Addressing this oversight 
in experimental design can ensure the 
validity and applicability of findings to 


clinical sepsis management. 


Biomarkers play a crucial role in 
predicting and assessing sepsis outcomes, 
offering valuable insights into patient 
stratification and treatment response. 
Leveraging biomarkers for precision 
medicine approaches can enhance the 
accuracy of sepsis diagnosis and prognosis, 
leading to more tailored and effective 
treatment strategies. The integration of 


biomarkers into sepsis research can 
improve the homogeneity of study cohorts 
and enhance the reliability of clinical trial 
outcomes. MicroRNAs have emerged as 
key regulators of the immune response in 
sepsis, with anti-miR-93-5p therapy 
showing promise in prolonging sepsis 
survival by restoring peripheral immune 
responses. Deepening our understanding 
of the mechanistic roles of microRNAs in 
sepsis pathophysiology is essential for 
developing targeted therapies that 
modulate immune dysregulation and organ 
dysfunction. Further basic and _ clinical 
studies are needed to elucidate the specific 
functions of microRNAs in sepsis and 
explore their therapeutic potential in 


improving patient outcomes. 


Nomograms have been developed 
to predict sepsis in patients with pyogenic 
liver abscess, highlighting the importance 
of early risk assessment and targeted 
treatment strategies in managing sepsis 
complications. Utilizing nomograms for risk 
prediction can aid clinicians in identifying 
high-risk patients and implementing timely 
interventions to prevent sepsis progression 
and organ dysfunction. By integrating 
mathematical models like nomograms into 
clinical practice, healthcare providers can 
enhance sepsis management and improve 
patient outcomes (F. Wang, Cui, He, Gong, 
& Liang, 2023). Ferroptosis-related genes 
have been implicated in child sepsis, 


suggesting a potential role for ferroptosis in 
sepsis pathogenesis and_ progression. 
revealed 


Enrichment analysis _—has 


significant associations between 
ferroptosis-related pathways and hypoxia, 
underscoring the complex _ interplay 
between cellular stress responses in sepsis. 
Investigating the diagnostic and predictive 
values of ferroptosis-related genes can 
provide novel insights into sepsis 
pathophysiology and guide the 
development of targeted therapies for this 


condition (C.-L. Zhu et al., 2023). 


Intravenous fluid therapy is a 
cornerstone of sepsis management, with 
ongoing research focusing on optimizing 
fluid resuscitation strategies and improving 
patient outcomes. Determining the optimal 
fluid volume, composition, and 
responsiveness measures’ in _— sepsis 
resuscitation is essential for preventing 
fluid overload and improving tissue 
perfusion. Future studies should explore 
the role of albumin and deresuscitation 
strategies in septic shock management to 
enhance fluid therapy practices and patient 
care in sepsis (Jeong et al., 2022). 
Integrating bulk and single-cell sequencing 
approaches has revealed phenotype- 
associated cell subpopulations in sepsis- 
induced acute lung injury, shedding light 
on the cellular dynamics underlying lung 
inflammation in sepsis. Sepsis-induced 


acute lung injury alters the composition of 
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various immune and _ structural cell 
populations, highlighting the complex 
interplay between different cell types in the 
pathogenesis of lung — dysfunction. 
Understanding the cellular heterogeneity in 
sepsis-induced lung injury can _ inform 
targeted interventions to mitigate lung 
inflammation and improve _ patient 
outcomes (Potruch, Schwartz, & Ilan, 


2022). 
6.9. Conclusion 


Sepsis remains a formidable 
challenge in modern medicine, marked by 
a dysregulated immune response to 
infection that leads to life-threatening 
organ dysfunction. Despite advancements 
in understanding its pathophysiology and 
improvements in supportive care, sepsis 
continues to present high morbidity and 
mortality rates globally. The complexity of 
sepsis, characterized by immune 
dysregulation, endothelial dysfunction, and 
coagulation abnormalities, demands a 
multifaceted approach to diagnosis and 


treatment. 


The redefinition of sepsis has 
refined diagnostic criteria, shifting the 
focus from _ generalized inflammatory 
responses to the identification of acute 
organ dysfunction triggered by infection. 
This evolution in understanding has 
improved the accuracy of sepsis diagnosis 
and patient management. However, 


challenges persist in translating research 


116 


findings into routine clinical practice, 
particularly given the variability in patient 
responses and the need for personalized 
treatment approaches. 


Innovations in predictive 


biomarkers and = machine _ learning 
techniques have enhanced early diagnosis 
and treatment strategies. Experimental 
research continues to uncover fundamental 
mechanisms driving sepsis, identifying 
potential therapeutic targets and refining 
clinical management practices. 
Nonetheless, the global burden of sepsis 
necessitates a unified approach to care that 
can be adapted to diverse healthcare 


settings. 


The ongoing research highlights the 
role of immune responses, metabolic 
reprogramming, and organ dysfunction in 
the progression of sepsis. Early diagnosis 
and timely intervention are crucial in 
improving patient outcomes, underscoring 
the importance of continued investigation 
into novel biomarkers and _ therapeutic 
strategies. By integrating insights from 
cutting-edge research and clinical practice, 
efforts to address the complexities of sepsis 
management aim to develop more effective 
interventions and promote advancements 


in critical care medicine. 


Ultimately, a comprehensive 


understanding of sepsis pathogenesis, 


coupled with innovations in diagnosis and 
treatment, holds the promise of reducing 
the global impact of this condition. 
Continued research and collaboration 


across disciplines will be essential in 
overcoming the challenges of sepsis and 
improving outcomes  ffor patients 


worldwide. 
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7.1. Introduction 


Sepsis, characterized by a severe, 
systemic response to infection, remains a 
critical challenge in medical research due to 
its high mortality rates and complex 
pathophysiology. Experimental animal 
models are indispensable tools in sepsis 
research, providing valuable insights into 
disease mechanisms and __ potential 
therapeutic strategies. Traditional models 
have utilized toxin injection, disruption of 
tissue integrity, and pathogen injection to 
replicate various aspects of sepsis. Recent 
advancements in sepsis modeling have 
focused on refining these approaches to 
better replicate the polymicrobial nature of 
human sepsis. Innovations such as 
combination models integrating both toxin 
and live bacterial challenges have been 
developed to create more realistic sepsis 


environments. Furthermore, genetically 
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modified animal models have provided 
deeper insights into species-specific 
responses and the genetic basis of sepsis 
susceptibility. These models have been 
instrumental in identifying critical genetic 
factors that influence sepsis outcomes and 
discovering potential therapeutic targets. 
As the field continues to evolve, integrating 
advanced imaging, molecular techniques, 
and refined modeling approaches holds 
promise for enhancing the clinical 
relevance of sepsis research and improving 


patient outcomes. 


Animal models are integral to 
preclinical research across various 
disciplines, offering valuable insights into 
disease pathophysiology, treatment 
efficacy, and translational applications. 
Despite challenges in model selection, 
translatability, and ethical considerations, 
the strategic use of animal models remains 
biomedical 


essential for advancing 


knowledge and_ improving patient 
outcomes. Leveraging the _ biological 
similarities between animals and humans 
allows researchers to harness the potential 
of animal models to drive innovation, 
enhance understanding of complex 
diseases, and accelerate the development 
of novel therapies. Standardization and 


refinement of animal models in sepsis 
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research is paramount for advancing our 
understanding of the disease and 
developing effective treatments. 
Discrepancies between preclinical models 
and clinical outcomes underscore the need 
for more clinically relevant experimental 
models that accurately replicate the 
pathophysiological changes seen in human 
sepsis. Efforts to enhance standardization, 
reproducibility, and consistency _ in 
experimental protocols, as well as refining 
murine models to better mirror human 
immunological responses, are essential 
steps in bridging the gap between 
preclinical research and clinical practice in 


sepsis management. 


7.2. The Importance of Animal Models 
in Sepsis Research 


Animal models are essential in 
preclinical sepsis research, selected based 
on factors such as traditional practices, 
investigator familiarity, economic 
considerations, availability, and ethical 
acceptability. Rodents are commonly 
chosen for initial preclinical studies, despite 
facing challenges like high resistance to 
endotoxin, limited vascular access, small 
blood volume, and _— cardiovascular 
physiologies that differ significantly from 
humans (Mukherjee, Roy, Ghosh, & Nandi, 
2022). The use of animal models in 
biomedical research is crucial due to ethical 
considerations that prevent direct 


experimental studies on humans, making 


animal models a valuable alternative to 
explore disease mechanisms and treatment 
effects (Li et al., 2024). Many animal 
species share significant physiological, 
genetic, and immunological similarities with 
humans, making them suitable for 
modeling human diseases (Segatto et al., 
2024). Animal models allow for controlled 
experimentation, enabling researchers to 
manipulate specific variables and observe 
outcomes systematically, contributing to 
the advancement of translational research 
by providing the foundation for clinical 
trials (Bromfield et al., 2024). 


Animal models are not only vital in 
sepsis research but also in various other 
fields such as drug development, medical 
device testing, tissue engineering, wound 
healing, and studies related to vascular 
surgeries and vertebral disc regeneration 
surgery (Mukherjee et al., 2022). Swine 
models, for example, have been identified 
as attractive alternatives for modeling 
diseases due to their similarities with 
humans on various levels, facilitating 
research in areas such as oncology and 
regenerative medicine (Segatto et al., 
2024). Additionally, the validation of airway 
porcine epithelial cells as an alternative to 
human in vitro preclinical studies has been 
fundamental in obtaining reliable data, 
emphasizing the importance of animal 
models in generating valuable insights for 
medical research (Genna et al., 2023). 
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Despite the significant contributions 
of animal models to _ scientific 
advancements, challenges exist in their 
translatability to human conditions. While 
there are genomic similarities between 
animal models and humans, instances exist 
where animal models may not accurately 
mimic human responses, leading to ethical 
and societal debates regarding their use 
(Soto Veliz, Lin, & Sahlgren, 2023). 
Additionally, a narrative review’ has 
highlighted the poor translatability of 
biomedical research using animals, 
questioning the effectiveness of new 
treatments derived from animal models 
across various disease areas (Marshall, 
Bailey, Cassotta, Herrmann, & Pistollato, 
2023). This raises concerns about the 
limitations of animal models and the 
necessity for critical evaluation when 
translating findings from animal studies to 


human applications. 


arious animal models have been 
developed to study specific conditions. For 
instance, the induction of pancreatic 
neoplasia in the KRAS/TP53 oncopig model 
has provided insights into pancreatic 
cancer, demonstrating the utility of animal 
models in investigating human disorders 
(Mondal et al., 2023). Companion animals 
have also been recognized for providing 
novel insights into the neurobiology of 
aging, expanding the scope of disease 
research beyond established model 
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systems like mice and nonhuman primates 
(de Sousa et al., 2023). Furthermore, 
zebrafish have emerged as_ potential 
models for neurodegenerative diseases, 
offering a complementary approach to 
mammalian models in studying conditions 
related to toxic metal exposure (Paduraru 
et al., 2023). 


The selection of appropriate animal 
models is crucial for ensuring the relevance 
and reliability of research findings. A study 
evaluating five mammalian models for 
human disease research using genomic 
and ___ bioinformatic approaches has 
demonstrated the importance of assessing 
genomic similarities to select suitable 
animal models for studying target diseases 
(Jagadesan, Mondal, Carlson, & Guda, 
2023). This underscores the significance of 
aligning the characteristics of animal 
models with the specific requirements of 
the research to enhance the translational 
potential of the findings. Additionally, 
advances in pig models of human diseases 
have emphasized the critical role of animal 
models in elucidating disease mechanisms 
and developing therapeutic interventions 
(Hou, Du, & Wu, 2022). By leveraging the 
similarities between animal models and 
humans, researchers can bridge the gap 
between basic research and _ clinical 
applications, paving the way for innovative 


medical solutions. 


7.3. Commonly Used Small Animal 
Models for Sepsis 


Sepsis remains a formidable 
challenge in medicine, with an annual 
mortality rate of 5.3 million patients 
worldwide (Chalupova et al., 2022). 
Despite significant research efforts, the 
pathophysiology of sepsis is not fully 
understood, necessitating the development 
of new treatment strategies (Vandewalle et 
al., 2022). Reliable and clinically relevant 
animal models are essential for studying 
the complex mechanisms of sepsis and 
testing new therapeutic interventions 
(Vintrych et al., 2023). 


Small animal models, particularly 
rodents, are invaluable in sepsis research 
due to their ability to provide critical 
insights into the pathophysiology of the 
condition and to test potential therapeutic 
interventions. These models offer several 
advantages, including the ease of genetic 
manipulation, short reproductive cycles, 
and the availability of well-characterized 
strains. When designing and interpreting 
studies using small animal models of 
sepsis, several key considerations must be 
taken into account to enhance the 
relevance and_ translatability of the 
findings. 


The microbial environment _ is 
critical, as the composition of the gut 
microbiota can influence the severity and 
progression of sepsis by modulating host 


immune function and impacting intestinal 
barrier integrity (S. Yang et al., 2024). 
Genetic diversity within and between 
species can also affect the immune 
response and the outcome of sepsis, 
making it important to choose the 
appropriate strain for the study (J. H. Chen 
et al., 2023). Age and sex differences are 
additional factors that can_ significantly 
impact the results, as the immune system's 
functionality and hormonal influences vary 
across different life stages and between 
males and females (J. H. Chen et al., 2023). 
By carefully selecting appropriate models 
and considering these factors, researchers 
can better mimic the clinical scenarios seen 
in human septic patients. This approach 
not only improves the validity of the 
findings but also enhances _ their 
applicability to human health, ultimately 
aiding in the development of more effective 
diagnostic and therapeutic strategies for 


sepsis. 


Specific pathogen-free (SPF) mice, 
commonly utilized in laboratory settings, 
offer advantages in terms of availability, 
cost-effectiveness, and well-characterized 
immune systems (Sanders et al., 2024). 
However, SPF mice may not fully represent 
adult sepsis due to their immature immune 
systems lacking memory T cells, making 
them more suitable for studying neonatal 
sepsis (Anyalebechi et al., 2024). 


Additionally, the limited microbiota 
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diversity in SPF mice can impact immune 
responses and_ disease — progression, 
highlighting the importance of considering 
the microbial environment in sepsis 
research (Berton et al., 2023). 


Contrasting with SPF mice, "dirty" 
mice exposed to natural environmental 
pathogens present a more diverse 
microbiota and experience _ natural 
infections, potentially offering a more 
accurate representation of human sepsis 
and immune responses (Cortellini et al., 
2024a). The use of inbred versus outbred 
mice is another critical consideration in 
sepsis research, with inbred _ strains 
providing genetic uniformity but lacking the 
genetic diversity seen in the human 
population. Outbred and hybrid mice are 
increasingly employed to model the 
heterogeneous nature of human sepsis, 
enhancing the translational relevance of 


research findings (Kim et al., 2023). 


Age and sex considerations are 
essential factors in small animal models of 
sepsis. While most studies use young, 
healthy mice for convenience, older mice 
more accurately reflect the susceptibility of 
the elderly population to sepsis due to age- 
related immune response decline and 
comorbidities (Berton, Jensen, Harty, 
Griffith, & Badovinac, 2022). Older mice 
can better model sepsis pathogenesis and 
treatment, providing insights into age- 
related differences in disease outcomes. 
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Moreover, sex differences in sepsis 
susceptibility and outcomes are influenced 
by hormonal factors, with male sex 
hormones potentially increasing sepsis risk 
and female hormones offering protective 
effects (Y. L. Gao et al., 2022). 


Laboratory mice raised in SPF 
conditions have limitations that researchers 
must consider when designing sepsis 
studies. Their immature immune systems, 
deficient in memory T cells, may not 
accurately mimic adult sepsis, emphasizing 
the need for alternative models to study 
this population. Additionally, the limited 
microbiota diversity in SPF mice can impact 
immune responses and disease 
progression, potentially affecting the 
translatability of research findings to 
human sepsis (Berton et al., 2022). In 
contrast, "dirty" mice with natural microbial 
exposures may better replicate human 
pathologies, highlighting the importance of 
considering the microbial environment in 


sepsis research (Cortellini et al., 2024a). 


7.4. Commonly Used Large Animal 
Models for Sepsis 


Historically, small animals like mice 
and rats have been used in sepsis studies. 
However, their ability to replicate human 
sepsis is limited due to significant 
differences in their inflammatory, immune, 
metabolic, and hemodynamic responses. 
Therefore, there is an increasing demand 


for large animal models that more 


accurately reflect the human _ sepsis 
condition for better clinical translation 
(Vintrych et al., 2023). 


Pigs have emerged as a promising 
large animal model due _ to _ their 
physiological similarities to humans. Pigs 
display a hyperdynamic _ circulation 
response to infection, akin to humans, 
unlike the hypodynamic response seen in 
small animals. Additionally, pigs share 
many anatomical and physiological traits 
with humans, such as heart rate range, 
force-frequency relationship, and cardiac 
action potential duration, making them 
compatible with standard clinical tools 
(Vintrych et al., 2023). Furthermore, pigs 
are increasingly valued as_ translational 
models for studying human diseases (Joshi 


et al., 2024). 


Despite their benefits, pigs have 
some species-specific traits that might 
complicate clinical translation, such as a 
tendency towards pulmonary dysfunction 
and acute pulmonary _ hypertension 
(Vintrych et al., 2023). Nonetheless, 
porcine models have been crucial in 
advancing sepsis research. They have been 
used to investigate various aspects of the 
condition, including the therapeutic 
potential of adipose-derived mesenchymal 
stem cells (Vélez-Pinto et al., 2023), liver 
peroxisome proliferator-activated receptor 
alpha dysfunction in septic shock 
(Vandewalle et al., 2022), and gut 


microbiome diversity in sepsis (Meissner et 
al., 2024). These studies demonstrate the 
broad applications of porcine models in 
understanding sepsis and exploring new 


treatments. 


The use of pigs in research extends 
beyond sepsis. Pigs serve as valuable 
models for studying a wide range of 
conditions, including cardiovascular 
research and testing medical devices due 
to their relevance to human physiology 
(Rose, Blikslager, & Ziegler, 2022). 
Additionally, pigs serve as models for 
cancer research (Joshi et al., 2024), 
intestinal microbiota studies (Netzley & 
Pelled, 2023), neurotrauma research 
(Berezowski et al., 2024), and forensic 
science. The versatility of pigs in research 
highlights their importance in advancing 
various scientific fields and underscores 
their potential as tools for translational 


research. 


Porcine models have been utilized 
to investigate a broad spectrum of 
infections, including viral infections like 
influenza and bacterial infections such as 
tuberculosis, pneumonia, wound infections, 
and sepsis. These models closely mimic 
clinical scenarios and human _ disease 
progression due to their genetic proximity 
to humans, leading to more translatable 
and reproducible results. They have been 
pivotal in studying various aspects of 


sepsis, thereby enhancing us 
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understanding of the disease and potential 
treatment approaches (Krifors, Lignell, 
Lipcsey, Sjdlin, & Castegren, 2023). 
Specifically, a pediatric swine model of 
methicillin-resistant Staphylococcus aureus 
(MRSA) sepsis has been crucial in 
examining sepsis-induced coagulopathy 
and disseminated microvascular 
thrombosis, as well as organ injuries and 
disease progression, underscoring the 
significance of large animal models in 
elucidating complex pathophysiological 


mechanisms 


Conversely, non-human primate 
models provide the highest level of clinical 
relevance for translational research in 
sepsis because their immune systems 
closely resemble those of humans. Sepsis 
induction in non-human primates can 
involve bacterial infusion, surgical creation 
of infection sites, or other invasive 
procedures, enabling the study of immune 
responses, disease progression, and 
therapeutic efficacy. These models are 
especially suitable for long-term studies 
and complex therapeutic evaluations, 
offering valuable insights into sepsis 
pathophysiology and treatment strategies 
(Ostergar et al., 2023). 


7.5. Standardization and Model 
Variability in Sepsis 


The development and 
standardization of animal models are 
crucial in accurately assessing the severity 
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of sepsis. Combining various experimental 
models with different sepsis induction 
methods is essential to avoid 
misinterpretation of pathogenesis factors 
or treatment efficacy. These models 
include techniques such as intravascular 
infusion of endotoxin or live bacteria, 
bacterial peritonitis, cecal ligation and 
puncture, soft tissue infection, pneumonia, 
and meningitis. However, each model's 
ability to replicate the clinical scenario of 
sepsis requires critical evaluation (Sharma 
et al., 2023b). 


Despite the extensive use of animal 
models in sepsis research, there is a 
notable discrepancy between outcomes in 
these models and clinical trials with 
humans. This incongruity highlights the 
limited clinical relevance of preclinical 
mouse models, which do not fully replicate 
the metabolic, hemodynamic, and 
immunological changes in human sepsis 
(Singh, Lee, & - Kellum, 2022). 
Standardization in preclinical sepsis models 
is a significant concern within the scientific 
community. The lack of uniformity in using 
different 
endotoxin/lipopolysaccharide model, fecal 


models, such as__ the 


pellet model, bacterial inoculum, cecal 
ligation and puncture model, and colon 
ascendant stent peritonitis model, 
questions the reliability and reproducibility 
of research findings. This variability can 


hinder the comparison of results across 


studies and impede the development of 
effective sepsis treatments (Sharma et al., 
2023b). Moreover, mortality rates in animal 
models, particularly in the cecal ligation 
and puncture (CLP) model, vary 
significantly between studies, emphasizing 
the need for consistent experimental 
protocols (Garcia, Singh, Mireles, Dwivedi, 
& Walker, 2023). 


To address these limitations and 
enhance standardization, researchers have 
explored various methods to improve the 
relevance and reliability of animal models 
in sepsis research (Aydin & Bekmez, 2024). 
Efforts include refining murine sepsis 
models to reduce experimental 
inconsistencies, increase clinical relevance, 
and enhance immunological similarities 
between mice and humans. These 
modifications aim to optimize the value of 
murine models for studying sepsis-induced 
immunosuppression (Wang, Lu, Zheng, & 
Liu, 2022). Additionally, developing 
standardized research protocols, such as a 
porcine sepsis model with numerical 
scoring for early prediction of severity, 
demonstrates a commitment to 
reproducibility and consistency in model 
experiments (Rutai et al., 2022). 


Discrepancies between — animal 
models and human clinical trials extend to 
the evaluation of pharmacological agents 
for sepsis treatment. While many agents, 


including celepressin, anakinra, TNF 


blockers, anti-endotoxin antibodies, and 
TAK-242, have shown efficacy in animal 
models, they have often failed to 
demonstrate effectiveness in human 
clinical settings. This disparity emphasizes 
the challenges in translating findings from 
preclinical studies to clinical practice and 
underscores the need for more clinically 
relevant experimental models (Singh et al., 
2022). 


In the context of sepsis-induced 
coagulopathy, a comprehensive 
understanding of the pathophysiology is 
effective 


crucial for management 


strategies. Physiological hemostasis 
involves a delicate balance between pro- 
and anticoagulant pathways, — which 
becomes disrupted in sepsis, leading to 
systemic thrombin generation, impaired 
anticoagulant activity, and suppressed 
fibrinolysis, collectively termed sepsis- 
induced coagulopathy (SIC) (Williams, Zou, 
Pittet, & Chao, 2024). The translational 
value of animal models in replicating 
sepsis-associated coagulopathy is limited, 
as many models fail to produce symptoms 
akin to those in sepsis patients. This 
discrepancy highlights the importance of 
refining animal models to better mimic the 
clinical manifestations of sepsis-induced 
coagulopathy for more effective 
translational research (Luxen, van Meurs, & 


Molema, 2022). 
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7.6. Comparison of Experimental 
Sepsis Models 


Experimental sepsis models are 
essential for understanding the 
pathophysiology of sepsis and assessing 
potential treatments. Animal models play a 
crucial role in advancing our understanding 
of sepsis and_ developing effective 
treatments. Each model has unique 
methodologies, advantages, and limitations 
that must be carefully evaluated to ensure 
Table 1. Overview of Experimental Sepsis 
Models 


clinical relevance and reproducibility. The 
choice of model depends on the specific 
aspects of sepsis being studied and the 
desired research outcomes, with some 
models providing closer approximations to 
human sepsis than others. Commonly used 
animal models for inducing sepsis include 
toxin injection, disruption of tissue 
integrity, and pathogen injection, each 
offering distinct methodologies, 
advantages, limitations, and varied clinical 


aspects (Table 1). 


Model Type 


Mechanism 


Advantages 


Limitations 


Toxin Injection 


Administration of| Simple, 
endotoxins or other PAMPs |controlled dosing 


reproducible, |Lacks polymicrobial infection, 


species variability 


Disruption of|Surgical disruption (e.g., |Mimics 
Tissue Integrity |CLP, CASP) studies 
infections 


human _ sepsis,| Technically 
polymicrobial|variability in techniques 


Injection 


Pathogen Direct administration of/Clinically relevant, specific | Invasive, 
live bacteria or pathogens |pathogen-host interactions |challenging, 


biosafety measures 


7.6.1. Induction of Sepsis 
Through Toxin Injection 


Sepsis, a life-threatening condition 
characterized by a dysregulated immune 
response to infection, remains a significant 
challenge in healthcare due to its complex 
pathophysiology and high mortality rates. 
To study sepsis in experimental settings, 
researchers employ various methods to 
induce the condition in animal models. One 
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prevalent approach is the induction of 
sepsis through toxin injection, which 
effectively mimics several aspects of the 
human condition. This chapter explores the 
methods of toxin-induced sepsis, the 
relevance of these models, and_ their 
contributions to our understanding of 
sepsis pathophysiology and __ potential 


therapeutic interventions. 


challenging, 


ethically 
requires 


7.6.1.1. Methodologies 


Lipopolysaccharide (LPS), a 
component of the outer membrane of 
Gram-negative bacteria, is widely used to 
induce a sepsis-like state in animal models. 
LPS administration triggers an intense 
inflammatory response, mimicking key 
features of sepsis such as cytokine storm, 
lactic acidosis, and hypodynamic shock (W. 
Yang et al., 2022). Common routes of LPS 
administration include intravenous (i.v.) 
and intraperitoneal (i.p.) injections, 
allowing researchers to study systemic 
effects on the immune system and various 
organs (Lei et al., 2024). LPS activates toll- 
like receptor 4 (TLR4) on immune cells, 
leading to the production of pro- 
inflammatory cytokines and subsequent 
inflammation. This model is particularly 
valuable for investigating the molecular 
mechanisms underlying sepsis-induced 
pathologies and evaluating potential anti- 
inflammatory therapies (M. Zhang, Zhi, Liu, 
Wang, & Duan, 2024). 


To enhance the reproducibility and 
cost-effectiveness of LPS-induced sepsis 
models, researchers often combine LPS 
with D-Galactosamine (D-GalN). This 
combination reduces the required dose of 
LPS to induce sepsis and primarily targets 
liver-resident macrophages (Kupffer cells), 
leading to acute hepatotoxicity and 
systemic inflammation (He et al., 2022). 
The D-GalN/LPS model is widely used to 


study acute liver failure (ALF) and 
endotoxin-induced liver damage, providing 
insights into the mechanisms of liver injury 
in sepsis (T. Zhang, Zhao, Fu, Chen, & Ma, 
2022); 


7.6.1.2.Advantages and 
Limitations 


Toxin injection models, particularly 
those using LPS, effectively replicate 
several hallmarks of human sepsis, such as 
hyper-inflammation and multi-organ 
dysfunction. These models are 
instrumental in studying the cascade of 
events leading to sepsis and the body's 
immune response. By elucidating these 
mechanisms, researchers can _ identify 
potential targets for 
intervention (Lv, Liu, Wang, & Hao, 2024). 


therapeutic 


The systemic administration of LPS 
and the combination of LPS with D-GalN 
allow for the evaluation of various 
therapeutic compounds. For instance, 
studies have shown that compounds like 
mefenamic acid, thymoquinone, and 
chrysophanol-8-O-glucoside can mitigate 
sepsis-induced damage through different 
mechanisms (Alkharfy, Ahmad, Jan, Raish, 
& Rehman, 2022; Cuadra et al., 2024; 
Dominguini et al., 2022). These findings 
highlight potential therapeutic targets and 
strategies for managing sepsis. 


Toxin-induced models are 


particularly valuable for studying organ- 
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specific pathologies associated with sepsis. 
For example, the D-GalN/LPS model is used 
to investigate acute liver injury, providing 
insights into hepatocyte metabolism, 
inflammatory signaling pathways, and the 
production of pro-inflammatory cytokines 
(P. Shi et al., 2023). Similarly, LPS-induced 
models help explore the sepsis-related 
organ dysfunction, shedding light on 
conditions like sepsis-induced 
cardiomyopathy and acute respiratory 
distress syndrome (ARDS) (Liu, Chen, Li, 
Gao, & Zhang, 2024; M. Zhang et al., 
2024). 


Research using toxin-induced sepsis 
models has significantly advanced our 
understanding of the molecular 
mechanisms and pathways involved in 
sepsis. For instance, the TLR4/MyD88/p65 
signaling pathway has been implicated in 
sepsis-induced cardiomyopathy, 
highlighting the importance of specific 
molecular targets in managing sepsis- 
related organ dysfunction (M. Zhang et al., 
2024). Additionally, the TNF pathway has 
been identified as a key player in the 
inflammatory response and lung _ injury 
observed in septic conditions (Liu et al., 


2024). 


Toxin-induced models have 
facilitated the identification of biomarkers 
and therapeutic targets for sepsis. 
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Biomarkers like presepsin have shown 
promise in predicting the risk and severity 
of sepsis-related diseases, offering tools for 
early diagnosis and prognosis assessment 
(Takahashi et al., 2022). Furthermore, the 
discovery of necroptosis-related genes has 
provided new insights into the molecular 
mechanisms underlying sepsis and 
potential targets for therapeutic 
interventions (She et al., 2023). A summary 
of the advantages and limitations of sepsis 
models induced by toxin injection is 


provided (Table 2). 


Table 2. Advantages and Limitations of Sepsis Models Induced by Toxin Injection 


Advantages 


Simple and reproducible 


Limitations 


Does not mimic polymicrobial sepsis 


Allows control over dose and timing 


Useful for studying specific pathways 


Lacks infection focus and long-term immune response 


Significant species variability in LPS sensitivity 


7.6.1.3. Clinical 


Relevance and Controversies 


The use of lipopolysaccharide (LPS) 
models in sepsis research, while common 
and valuable, comes with notable 
limitations that researchers need to 
consider (Table 2). One significant 
drawback of LPS models is the absence of 
polymicrobial interaction, which is crucial 
as human sepsis often involves multiple 
bacterial species interacting within a 
complex microbial environment (Rosier et 
al., 2022). This limitation hinders the ability 
of LPS models to fully replicate the diverse 
microbial composition seen in clinical sepsis 
cases, impacting the translatability of 
findings to human sepsis scenarios. 
Additionally, LPS models lack a localized 
infection focus, which is a key feature of 
real sepsis progression, where infections 


typically start in specific body parts before 


spreading systemically (Gil, Jin, Cha, & An, 
2022). The absence of this localized 
infection aspect in LPS models limits their 
ability to capture the dynamic nature of 


sepsis development in humans accurately. 


Moreover, there is a_ notable 
variability in species sensitivity to LPS, with 
humans being more sensitive to LPS 
compared to commonly used _ animal 
models like mice (DuraSevic et al., 2022). 
This difference in sensitivity can lead to 
variations in the inflammatory response 
elicited by LPS, potentially affecting the 
outcomes observed in animal studies and 
complicating the direct translation of 
findings to human _— sepsis cases. 
Understanding these limitations is essential 
for researchers utilizing LPS models to 
ensure the appropriate interpretation of 
results and to consider complementary or 
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alternative models that may better capture 
the complexity of sepsis pathophysiology. 


While LPS models have been a 
cornerstone in sepsis research due to their 
reproducibility and ability to simulate 
clinically — significant conditions like 
bacteremia and septic shock, it is crucial to 
acknowledge their inherent constraints (Z. 
Shi et al., 2023). Addressing these 
limitations may _— involve — exploring 
complementary models that incorporate 
localized 


polymicrobial interactions, 


infection foci, and species-specific 
sensitivities to better reflect the 
multifaceted nature of sepsis in humans. By 
integrating diverse experimental 
approaches and considering the 
shortcomings of LPS models, researchers 
can enhance the relevance’ and 
translational potential of their findings in 


the context of human sepsis. 


7.6.1.4. Recent 


Advances and Future 
Directions 
The Clinical relevance and 


controversies surrounding — endotoxin 
models in the context of sepsis are complex 
and multifaceted. While elevated endotoxin 
levels have been associated with the 
severity of sepsis in humans, indicating a 
significant role in the  disease's 
pathophysiology, the use of endotoxin 
models in research has limitations in fully 


replicating the complexity of human sepsis. 
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Endotoxin models predominantly focus on 
lipopolysaccharides (LPS), which are 
components of Gram-negative bacteria, 
and while LPS can _ trigger severe 
inflammatory responses, sepsis in humans 
can also be caused by Gram-positive 
bacteria, fungi, and viruses, each with 
unique pathogen-associated molecular 
patterns (PAMPs). This diversity in 
microbial agents and their components 
contributes to the intricate immune 
responses and_ disease progression 
observed in human sepsis, which are not 
fully captured in simplified endotoxin 
models (Kellum & Ronco, 2023). 


The limitations of endotoxin models 
have led to debates regarding their clinical 
relevance and applicability in 
understanding the full spectrum of sepsis 
pathophysiology. While these models are 
valuable for studying endotoxic shock, they 
may not encompass the diverse etiologies 
and pathophysiological mechanisms 
involved in sepsis. Human sepsis involves 
interactions between multiple bacterial 
species and various microbial components 
beyond LPS, such as _ lipoproteins, 
peptidoglycans, and bacterial DNA, which 
collectively shape the immune response 
and disease outcomes. The absence of 
these crucial elements in endotoxin models 
restricts their ability to fully mirror the 
clinical complexity of sepsis, highlighting 


the need for more comprehensive research 


approaches that encompass the broader 
spectrum of microbial agents and host 


responses involved in sepsis pathogenesis. 


Furthermore, the development of 
novel therapeutic strategies for sepsis 
necessitates a deeper understanding of the 
pathophysiological basis of the disease and 
the underlying mechanisms driving the 
inflammatory response (Kawata, Hatano, 
Baba, Imabayashi, & Baba, 2024). While 
endotoxin models have contributed 
significantly to elucidating certain aspects 
of sepsis pathophysiology, such as the role 
of LPS in triggering inflammation (Kellum, 
Foster, & Walker 2023) , there is a 
growing recognition that a more holistic 
approach considering the diverse microbial 
components and immune _ pathways 
involved in sepsis is essential for advancing 
therapeutic interventions (Kellum & Ronco, 
2023). Research efforts focusing on specific 
targets, such as Bruton’s tyrosine kinase 
inhibition to suppress IL-6 production, 
highlight the potential for developing 
targeted therapies that address the 
intricate inflammatory cascades 
characteristic of sepsis (Kawata et al., 
2024) a growing recognition that a more 
holistic approach considering the diverse 
microbial components and immune 
pathways involved in sepsis is essential for 
advancing interventions 
(Kellum & Ronco, 2023). Research efforts 


focusing on specific targets, such as 


therapeutic 


Bruton’s tyrosine kinase inhibition to 
suppress IL-6 production, highlight the 
potential for developing targeted therapies 
that address the intricate inflammatory 
cascades characteristic of sepsis (Kawata 
et al., 2024). 


In the quest for more effective sepsis 
treatments, innovative strategies like 
autologous "cryo-shocked" neutrophils for 
broad-spectrum = anti-inflammatory and 
endotoxin neutralization have been 
explored. Despite advancements in anti- 
cytokine biologics, the complexity of 
immune regulation and cytokine 
interactions in sepsis poses challenges to 
treatment efficacy and mortality reduction 
(Q. Gao et al., 2024). Similarly, the use of 
decoy nanozymes for multitarget blockade 
of proinflammatory cascades in bacterial 
sepsis underscores the need for 
multifaceted approaches to combat the 
rapid progression and drug resistance 
commonly — encountered in sepsis 
management (Du et al., 2022). These novel 
therapeutic avenues emphasize _ the 
importance of addressing the diverse 
inflammatory pathways and immune 
dysregulation characteristic of sepsis to 
improve patient outcomes. A comparison of 
sepsis models induced by toxin injection is 


provided (Table 3). 
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Table 3. Comparison of Sepsis Models Induced By Toxin Injection 


Model Features Advantages Limitations Key 
References 

LPS Mimics sepsis aspects like Provides insights into Lacks polymicrobial |(Tsikis et al., 

Administration _ [cytokine storms, lactic inflammatory responses jinteractions; 2022) 


acidosis, and hypodynamic 
shock. 


and physiological 
changes; precise dosing 
leads to consistent 


absence of localized 
infection focus; 
significant species 


results. variability in 
sensitivity to LPS. 
LPS and D- Reduces required LPS More efficient for Same as LPS (Sakaguchi et 
Galactosamine ___|dose; targets liver studying endotoxemia; |models; primarily al., 2022; 
Combination macrophages (Kupffer cost-effective; precise focuses on liver Salyha & 


cells); induces acute 
hepatotoxicity and 
systemic inflammation. 


and reproducible dosing. 


macrophages, may 
not capture full 
systemic response 
seen in human 
sepsis. 


Oliynyk, 2023) 


Hemoperfusion [Attenuates circulating Potentially modulates Requires further (Jansen, 
cytokine concentrations hyperinflammatory and |research to confirm |Waalders, van 
during systemic immunoparalytic efficacy and safety |Lier, Kox, & 
inflammation inhumans. |phenotypes observed in |in diverse sepsis Pickkers, 

sepsis. conditions. 2023) 
In VitroandIn_ {Incorporates hypoxia Bridges the gap Complex to develop |(Kang etal., 
Vivo Complex modeling techniques; between experimental and standardize; 2024) 


Models 


investigates neurotrophic 
factors in 
neuroinflammation; 
targets specific pathways 
(e.g., RIPK1). 


models and clinical 
reality; precision 
medicine approaches. 


may require 
advanced 
technologies and 
resources not widely 
available. 


7.6.2. Induction of Sepsis Through 
Disruption of Tissue Integrity 

Sepsis models are essential for 
understanding the pathophysiology of the 
disease and for developing new therapeutic 
strategies. Several models simulate the 
deterioration of tissue integrity, a key 
feature of sepsis. This review discusses the 
cecal ligation and puncture (CLP) method, 
colon ascending stent peritonitis (CASP), 


cecal ligation and incision (CLI), the fibrin 
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clot model, and the intraperitoneal injection 
of fecal matter. Recent advancements and 
detailed with 
discussions on methodologies, advantages, 


findings are below, 
and limitations of common models. 
The CLP method, a widely recognized 
model, involves ligating and puncturing the 
cecum to induce polymicrobial sepsis. This 
model closely mirrors the clinical scenario 
of intraperitoneal abscess formation and 
peritonitis, offering a valuable tool for 


studying the immune response and 


multiple organ dysfunction associated with 
sepsis. By adjusting the severity of sepsis 
through variations in cecal ligation and 
puncture parameters, researchers can 
tailor the model to _ suit specific 
experimental requirements (Xia et al., 
2022). 

Another model, CASP, provides a unique 
approach to simulate polymicrobial acute 
diffuse peritonitis by allowing continuous 
fecal leakage into the peritoneal cavity. 
This model is particularly advantageous for 
studying the dynamic changes and 
systemic inflammation associated with 
diffuse peritonitis, resembling — clinical 
conditions such as_ perforated colonic 
diverticula or anastomotic leaks. CASP 
offers a consistent and reproducible septic 
state, facilitating longitudinal studies on 
therapeutic interventions and immune 
responses (Wen et al., 2022). 

In contrast, the CLI method represents a 
more acute model of sepsis, inducing rapid 
and severe’ septic responses by 
immediately releasing fecal contents into 
the peritoneal cavity. Although less 
commonly used and characterized than 
CLP, CLI serves as an ideal model for 
investigating early immune responses and 
evaluating the efficacy of swift therapeutic 
interventions. The swift onset of sepsis in 
the CLI model provides a valuable platform 
for studying the immediate effects of sepsis 
induction (Song et al., 2021). 


The fibrin clot model, involving the 
implantation of a fibrin clot containing live 
bacteria into the peritoneal cavity, offers a 
controlled release of bacteria to mimic 
chronic intraperitoneal infections. This 
model allows for the precise manipulation 
of bacterial dose and species, enabling 
researchers to study pathogen 
dissemination, chronic infection dynamics, 
and the long-term consequences of sepsis 
on the host. By triggering a sustained 
immune response, the fibrin clot model 
provides insights into chronic inflammatory 
responses and organ dysfunction in 
prolonged septic conditions (Yavuz et al., 
2024). 


The intraperitoneal injection of fecal matter 
model, involving the administration of a 
fecal solution or cecal slurry to induce 
polymicrobial sepsis, offers a less invasive 
and simpler alternative to other sepsis 
models, making it an appealing choice for 
researchers. By homogenizing — cecal 
contents from donor animals to create the 
cecal slurry, this model effectively triggers 
polymicrobial sepsis, leading to a robust 
inflammatory response and subsequent 
organ dysfunction. Its simplicity and 
versatility make it particularly suitable for 
high-throughput studies and for evaluating 
the efficacy of broad-spectrum 
antimicrobial therapies and 
immunomodulatory agents (Laitano et al., 


2021). 
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Each sepsis model offers distinct 
advantages and limitations that contribute 
to the comprehensive understanding of 
sepsis and the development of targeted 
therapeutic interventions. The CLP model, 
known for mimicking clinical scenarios of 
polymicrobial peritonitis and abscess 
formation, is a cornerstone in sepsis 
research. On the other hand, the CASP 
model's continuous _fecal leakage 
mechanism allows for a_ progressive 
infection, closely resembling conditions like 
perforated colonic diverticula. The CLI 
model's rapid onset of sepsis is valuable for 
studying early immune responses and 
immediate therapeutic interventions. The 
fibrin clot model's controlled bacterial 
release facilitates the study of chronic 
infections and long-term sepsis outcomes. 
Lastly, the intraperitoneal injection of fecal 
matter model's simplicity and adaptability 
make it well-suited for high-throughput 
studies and testing broad-spectrum 


treatments (Chancharoenthana et al., 
2022). 

In the context of sepsis research, the 
choice of model is crucial as it determines 
the specific aspects of sepsis 
pathophysiology that can be effectively 
studied and the relevance of the findings to 
clinical scenarios. The _ intraperitoneal 
injection of fecal matter model stands out 
for its ease of use and ability to induce 
polymicrobial sepsis efficiently, making it a 
valuable tool for exploring the 
inflammatory response and _— organ 
dysfunction in sepsis. Researchers can 
leverage the strengths of each model to 
gain a comprehensive understanding of 
sepsis progression, immune responses, and 
potential therapeutic interventions, 
ultimately advancing the field towards 
improved sepsis management strategies. A 
summary of the advantages and limitations 
of sepsis models induced by disruption of 


tissue integrity is provided (Table 4). 


Table 4. Advantages and Limitations of Sepsis Models Induced by Disruption of Tissue 


Integrity 
Advantages Limitations 

Technically challenging and requires — surgical 
Closely mimics human sepsis intervention 


Allows study __ of 
infections 


polymicrobial 


Variability in surgical techniques and animal responses 


Useful for long-term studies 
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Requires larger sample sizes for reproducibility 


7.6.2.1. Clinical 
Relevance and Controversies 
While models that disrupt tissue integrity 
have significantly advanced our 
understanding of sepsis, their clinical 
relevance is occasionally debated. The CLP 
model, for instance, is valued for its ability 
to replicate polymicrobial peritonitis and 
abscess formation, mirroring — clinical 
conditions such as_ diverticulitis and 
appendicitis. However, some argue that 
variations in surgical techniques and 
species differences can affect the 
reproducibility and clinical translation of 
results. The CASP model is lauded for its 
simulation of continuous fecal leakage, 
mimicking conditions like perforated 
colonic diverticula, but its technical 
complexity and requirement for precise 
stent placement can limit its widespread 
use. The CLI model, despite inducing a 
rapid onset of sepsis ideal for studying 
early immune responses, is less commonly 
used and not as well characterized in terms 
of metabolic and hemodynamic changes. 
The fibrin clot model, which allows 
controlled release of bacteria to study 
chronic infections, is highly reproducible if 
the preparation of bacteria-laden clots is 
standardized, yet it requires meticulous 
preparation, which can be a limitation. 
Lastly, the intraperitoneal injection of fecal 
matter is a simpler and less invasive 
method suitable for high-throughput 
studies, but it may not perfectly replicate 


the complex immune responses seen in 
human sepsis due to its variability in 
inducing consistent septic conditions. 
7.6.2.2. Recent Advances and 
Future Directions 
Recent advancements in sepsis research 
have been instrumental in enhancing the 
clinical relevance and reproducibility of 
sepsis models, including the cecal ligation 
and puncture (CLP) method, colon 
ascendens stent peritonitis (CASP), cecal 
ligation and incision (CLI), the fibrin clot 
model, and the intraperitoneal injection of 
fecal matter. These advancements have 
aimed to refine these models to better 
mimic the complexity of — sepsis 
pathophysiology and _ improve _ their 
translational potential for clinical 
applications. 
Modifications to the CLP model have 
focused on optimizing parameters such as 
needle size and the number of punctures to 
simulate varying severities of sepsis more 
accurately. By fine-tuning these variables, 
researchers can create a more nuanced 
and clinically relevant sepsis model that 
better reflects the spectrum of disease 
severity observed in patients. These 
refinements enhance the utility of the CLP 
model for studying different aspects of 
sepsis progression and evaluating 
therapeutic interventions (Y. yu Zhang & 
Ning, 2021). 
Similarly, advancements in the CASP model 


have centered on improving stent size and 
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placement techniques to ensure consistent 
fecal leakage and infection progression. 
These enhancements aim to standardize 
the model and increase its reliability in 
replicating the clinical course of sepsis 
following intra-abdominal surgery. By 
refining the CASP model, researchers can 
achieve greater consistency in inducing 
sepsis and _ studying the associated 
systemic responses (Meng Qi Zhang, 
Macala, Fox-Robichaud, Mendelson, & Lalu, 
2021). 

Innovations in the Fibrin clot model have 
focused on standardizing the preparation of 
bacteria-laden clots to achieve uniform 
infection doses. This standardization helps 
create a more consistent and controlled 
sepsis environment, allowing researchers 
to study the effects of chronic infections 
and long-term sepsis outcomes with 
greater precision. By ensuring uniform 
infection doses, the Fibrin Clot model 
becomes a more reliable tool for 
investigating the dynamics of sepsis 
progression and immune _ responses 
(Nascimento et al., 2021). 

Future directions in sepsis research may 
involve further advancements in refining 
these models, exploring sex and gender 
differences in sepsis pathophysiology, 
investigating the role of specific genetic 
factors in sepsis susceptibility, and 
identifying novel biomarkers for early 
detection and prognostication of sepsis 
(Cortellini et al., 2024b; Qu et al., 2022; 
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Wei, Liu, Mei, Zhong, & Huang, 2024). By 
addressing these research priorities, the 
field of sepsis research can continue to 
evolve, leading to improved diagnostic 
tools, therapeutic strategies, and patient 
outcomes in sepsis management. A 
comparison of sepsis models induced by 
disruption of tissue integrity is provided 
(Table 5). 


Table 5. Comparison of Sepsis Models Induced by Disruption of Tissue Integrity 


Model Features Advantages Limitations Key 
References 

Cecal Ligation {Induces pro-inflammatory No need for exogenous | Requires large (Laudanski, 
and Puncture _ |and anti-inflammatory pathogens, preserving |sample size due to |2021; Utiger, 
(CLP) responses, multiple organ intestinal microbiota variability in Glas, Levis, 

dysfunction, hypothermia, diversity. Adjustable surgical Prazak, & 

and metabolic changes. parameters allow parameters. Haenggi, 2021) 

Mirrors cytokine kinetics control of sepsis Gastrointestinal 

observed in human sepsis. dynamics. Clinically content variability 

Abscess formation around relevant, replicating affects outcomes. 


puncture site prevents 
widespread release of cecal 
contents, potentially causing 
transition from acute to 
chronic sepsis. 


scenarios such as 
perforated appendicitis 
and diverticulitis. 


Colon 
Ascendens 
Stent 
Peritonitis 
(CASP) 


Continuous bacterial 
dissemination leads to 
systemic inflammation, 
cytokine production, and 
multiple organ failure. Sepsis 
progression can be 
modulated by adjusting 
stent diameter or performing 
secondary surgeries. 


More accurately mimics 
dynamic changes of 
human sepsis 
compared to CLP. 


Technically more 
challenging than 
CLP. 
Hemodynamic and 
metabolic changes 
are not fully 
characterized. 
Biphasic immune 
response seen in 
human sepsis is 


(Millebner et al., 
2022; van der 
Linde et al., 
2022) 


not fully 

replicated. 
Cecal Ligation |Mimics the rapid onset of Allows study of early Responses have _ |(Utiger et al., 
and Incision sepsis. immune responses due |not been 2021) 
(CLI) to acute onset of thoroughly 


sepsis. 


studied, limiting 
utility. 


Fibrin Clot Precisely controls bacterial —|Highly reproducible if —|Requires (Ai, Li, Meng, & 
Model dose and species. Simulates _|preparation techniques |standardized Ai, 2022) 
chronic infection with are standardized. preparation of 
characteristics such as Allows for the study of |bacteria-laden 
hyperdynamic cardiovascular | pathogen dissemination | clots and surgical 
response and significant and chronic infection. _|implantation. 
mortality. 
Intraperitoneal | Induces sepsis by Easier to perform and = |Hemodynamic and |(Sharma et al., 
Injection of introducing a diverse less invasive. metabolic changes }|2023a) 
Fecal Matter microbial population. Can are not well 
trigger a strong immune replicated. 


response, leading to either 
rapid death or recovery. 


Requires careful 
preparation and 
standardization of 
fecal samples. 
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7.6.3. Induction of Sepsis 
Through Pathogen Injection 


The induction of sepsis through live 
pathogen injection is a powerful and 
clinically relevant model, especially 
effective for studying pneumonia-induced 
sepsis. This approach accurately mirrors 
the progression of airway infections in 
humans and their secondary complications, 
such as ARDS, bacteremia, lung damage, 
and multiple organ failure. This section 
explores the methodologies, features, 
advantages, and _ limitations of live 


pathogen injection models in greater detail. 


7.6.3.1. Methodologies 


Sepsis induction models using _ live 
pathogen injection are vital for deepening 
our understanding of sepsis and developing 
new treatments. These models provide 
critical insights into various aspects of 
sepsis pathophysiology, facilitating the 
exploration of different therapeutic 
interventions and immune responses. The 
methodologies for live pathogen injection 
encompass various administration routes, 
each tailored to specific benefits and 
applications (Lélu et al., 2022). 

Intranasal (IN) delivery involves 
introducing the pathogen directly into the 
nostrils, offering a non-invasive approach 


that closely mirrors natural respiratory 
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infection pathways (Parray et al., 2021). 
This method is particularly suitable for 
investigating upper respiratory — tract 
infections as the pathogens traverse the 
nasal passages to reach the _ lungs, 
replicating common respiratory infection 


routes. 


Intratracheal (IT) administration entails 
directly administering the pathogen into 
the trachea, ensuring precise leading to 
pneumonia and secondary sepsis, making 
it particularly useful for studying 
respiratory infections that progress to 
sepsis (Di Bella et al., 2021; Madapong, 
Saeng-Chuto, Tantituvanont, & Nilubol, 
2021). Despite being more invasive, this 
technique provides a direct route to the 
lungs, crucial for studying lower respiratory 
tract infections by bypassing the upper 
respiratory tract to focus solely on the 
lungs and lower airways. However, this 
method is technically demanding and can 
result in variability in bacterial distribution 
and delivery. 


Intrabronchial (IB) administration, similar 
to the intratracheal route, involves the 
direct instillation of the pathogen into the 
bronchi, enabling accurate delivery to 
specific lung regions (Goerlinger, Develay, 
Balourdet, Rigaud, & Moret, 2024). This 
method facilitates detailed examinations of 
localized lung infections, making it ideal for 


studying localized immune responses and 


lung pathology. 


Additionally, the spray method disperses 
the pathogen in aerosol form for inhalation 
by the subject, mimicking the natural 
spread of airborne pathogens (Baek et al., 
2022). This approach is valuable for 
studying infection dynamics and 
transmission, exploring how pathogens 
disseminate through respiratory droplets, 
and establishing infections upon reaching 


the respiratory mucosa. 


The Intraperitoneal (IP) injection of 
bacteria model involves injecting live 
bacteria directly into the peritoneal cavity, 
allowing precise control over bacterial load 
and strain for standardization (May, 
Bellomo, & Lankadeva, 2021). However, 
immune response variability can occur 
depending on the bacterial strains used. In 
contrast, the Intravenous (IV) injection of 
bacteria model induces bacteremia by 
injecting bacteria into the bloodstream, 
simulating severe sepsis or septic shock 
(Koide et al., 2021). This method, however, 
can cause overwhelming infections and 
may not accurately reflect the gradual 
onset of sepsis seen in clinical practice. 


The Subcutaneous (SC) _ injection of 
bacteria model involves injecting bacteria 
under the skin to induce localized infections 
that can become systemic, mimicking skin 


and soft tissue infections that lead to sepsis 
(Zhao et al., 2022). This model is less 
invasive compared to other methods and 
provides a useful tool for studying the 
progression of localized infections to 
systemic sepsis. 


Researchers must consider several factors 
when selecting a sepsis induction model, 
such as research objectives, pathogen 
choice, animal species and _ strain, 
methodological standardization, and ethical 
considerations (Maia, 2023). Each model 
has unique strengths and limitations, and 
the choice should align with the specific 
aspect of sepsis being studied. Pathogen 
selection should reflect the clinical 
scenario, and standardizing methodologies 
can enhance reproducibility and reduce 
variability. 


7.6.3.2. Advantages and 
Limitations 


The live pathogen injection model offers 
several significant advantages that 
enhance its utility in research settings. One 
primary benefit is the simplicity and 
reproducibility of the procedures involved. 
These procedures are straightforward to 
perform and consistently yield reliable 
results, which enhances the reliability of 
scientific findings and facilitates knowledge 
advancement in the field (Albery et al., 
2022). Additionally, the model's versatility 
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in administration routes allows for multiple 
methods of bacterial delivery, providing 
flexibility in experimental design. This 
versatility enables researchers to tailor the 
model to address specific research 
questions and objectives, closely mimicking 
various types of respiratory infections to 
study their distinct characteristics. 


Furthermore, the live pathogen injection 
model accurately reflects realistic infection 
dynamics by portraying actual infection 
pathways and pathogen spread. This 
realism allows researchers to gain valuable 
insights into disease progression 
mechanisms, host-pathogen interactions, 
and treatment effectiveness. By observing 
how pathogens invade, disseminate, and 
cause disease, the model contributes to a 
deeper understanding of sepsis and more 


effective intervention strategies. 


Despite these advantages, the live 
pathogen injection model has _ several 
limitations that must be considered. One 
significant limitation is the variability 
introduced by different bacterial strains and 
administration routes, which can 
complicate data interpretation and 
comparison of results across studies 
(Scheler & Binder, 2024). Differences in 
virulence, host response, and experimental 


conditions can make it challenging to 
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standardize outcomes and draw consistent 
conclusions. Additionally, host-specific 
responses pose a challenge, as the immune 
responses observed in animal models may 
not always align with those in humans, 
affecting the translational relevance of the 
findings (Pushko, Lukashevich, Johnson, & 
Tretyakova, 2024a). Differences in immune 
system complexity, genetics, and 
physiology between species can influence 
the applicability of research outcomes to 


human sepsis cases. 


Moreover, the complex _ interactions 
between pro-inflammatory and _=anti- 
inflammatory cytokines within the model 
can present’ challenges’ in result 
interpretation and drawing definitive 
conclusions (Khuda, Baharin, Anuar, 
Satimin, & Nasruddin, 2024). 
Understanding these intricate immune 
system dynamics requires sophisticated 
analytical approaches and a comprehensive 
understanding of immune — system 
regulatory mechanisms. These limitations 
underscore the importance of careful data 
interpretation, consideration of alternative 
models, and validation methods to ensure 
the robustness and applicability of research 
findings in the context of human health. A 
summary of the advantages and limitations 
of sepsis models induced by pathogen 
injection is provided (Table 6). 


Table 6 Advantages and Limitations of Sepsis Models Induced by Pathogen Injection 


Advantages 


Clinically relevant and mimics human 
infections 


Limitations 


Can be highly invasive and ethically challenging 


Allows study of specific pathogen-host 
interactions 


Requires strict biosafety measures and 
pathogen handling 


Versatile administration routes 


Often results in rapid onset of severe disease 


7.6.3.3. Clinical 


Relevance and Controversies 


Live pathogen injection models provide a 
valuable platform for studying respiratory 
infections, particularly pneumonia, by 
closely mimicking human _ disease 
progression and clinical manifestations 
(Jiang, Li, Zhu, Zhou, & Leung, 2021). 
These models aim to replicate the 
transition from localized lung infections to 
systemic complications such as ARDS, 
bacteremia, lung damage, and multiple 
organ failure, reflecting the complexities 
observed in both community-acquired and 
nosocomial pneumonia (Rox & Medina, 
2024). By accurately reproducing these 
clinical signs and disease trajectories, 
researchers can investigate the underlying 
mechanisms of infection and _ explore 
potential treatments for severe respiratory 


conditions. 


The integration of combination models, 
such as pairing live pathogen injection with 


other models like CLP or Catheter- 
Associated Urinary Tract Infection (CAUTI), 
has emerged as a significant advancement 
in sepsis research (Joseph, Merciecca, 
Forestier, Balestrino, & Miquel, 2021; Slim 
et al., 2024). These combined models 
create more complex and realistic scenarios 
that better mimic the multifactorial nature 
of human infections, allowing — for 
comprehensive studies of co-infections and 
the body's response to multiple pathogens. 
They enhance the complexity of infection 
studies, offering a more _ realistic 
representation of nosocomial infections, 
including those originating from peritonitis 
(Cochran, Ngy, Unrine, Matocha, & 
Tsyusko, 2024). By examining how 
secondary infections impact sepsis 
progression and the immune _ system's 
response, these models contribute to a 
deeper understanding of the _ interplay 
between various pathogens and _ the 


immune system. 
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The use of live pathogen injection models 
in research is not without controversies, 
with several key issues surrounding their 
application. One significant concern is the 
variability in outcomes attributed to 
differences in bacterial strains and 
administration routes. The choice of 
pathogens and delivery methods can result 
in varying levels of virulence and host 
responses, leading to challenges in 
comparing results across studies and 
ensuring the reproducibility of findings. 
Moreover, ethical considerations arise 
regarding the use of live animals in these 
experiments, especially given the invasive 
nature of certain administration routes and 
the severe disease states induced (Ménard, 
Rouillon, Cattoir, & Donnio, 2021). 
Another contentious aspect is the 
translational relevance of these models, as 
immune responses observed in animal 
models may not always align with those in 
humans (Lusiastuti et al., 2024). This 
discrepancy can impact the generalizability 
of research findings to human sepsis cases, 
posing obstacles in translating preclinical 
successes into clinical applications. These 
discrepancies underscore the importance 
of critically interpreting data from live 
pathogen injection models and exploring 
alternative models or supplementary 
methods to validate research outcomes 
effectively (J. Chen et al., 2024). 

The controversies surrounding _ live 


pathogen injection models highlight the 
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complexities and challenges inherent in 
using such experimental systems for 
studying infectious diseases and immune 
responses. While these models _ offer 
valuable insights into disease mechanisms 
and treatment strategies, the issues of 
variability, ethical concerns, and 
translational relevance necessitate careful 
consideration and a_ multidimensional 
approach to research in this field (Pushko, 
Lukashevich, Johnson, &_ Tretyakova, 
2024b). 
7.6.3.4. Recent 
Advances and Future 


Directions 


Experimental models, particularly those 
involving live pathogens, are pivotal in 
advancing our understanding of sepsis 
dynamics and_ developing — effective 
treatments. These models allow 
researchers to adjust the quantity of 
bacteria administered to study different 
disease progressions using _ clinically 
significant pathogens, thus mimicking real- 
life infections. By introducing bacteria via 
various routes, such as_ intravenously, 
intraperitoneally, or intranasally, 
researchers can explore different infection 
mechanisms and_ disease _ severities. 
Adjusting the bacterial load further enables 
the investigation of various stages and 
severities of sepsis, providing valuable 
disease 


insights into progression 


(Kappelmayer, Debreceni, Fejes, & Nagy, 
2023). 

In the realm of infectious disease research, 
the use of live pathogens in various model 
organisms has been instrumental in 
advancing our understanding of host- 
pathogen interactions. For instance, the 
Galleria mellonella model has emerged as a 
valuable tool for studying the virulence of 
intracellular bacteria like Legionella 
pneumophila (Serrano, Verdial, Tavares, & 
Oliveira, 2023). This model offers unique 
advantages, such as the ability of bacteria 
to penetrate intestinal epithelial cells, 
which is not easily achievable in other 
model systems. Similarly, yeast oral 
vaccines have shown promise in combating 
infectious diseases by utilizing  live- 
attenuated or inactivated pathogens to 
induce protective immune responses 
(Austriaco, 2023). These vaccines have 
demonstrated efficacy in providing strong 
and long-lasting protection against 
pathogens with just a single inoculation 
(Gupta & Pellett, 2023). 

Furthermore, advancements in vaccine 
design, such as the development of DNA 
vaccines encoding live-attenuated viruses, 
have opened new possibilities for 
generating robust immune responses 
(Pushko, 
Lukashevich, Johnson, &_ Tretyakova, 


against infectious agents 


2024c). By leveraging live pathogens in 
vaccine formulations, researchers aim to 


harness the immunogenic potential of 


these agents while ensuring safety and 


efficacy in preventing diseases. 
Additionally, the application of biological 
Nanopore sequencing technology has 
enabled the real-time detection of 
microorganisms, emphasizing the 
importance of accurate and_ timely 
pathogen identification for maintaining a 
healthy environment (Ming Qian Zhang, 
Huang, & Wu, 2023). 

Despite their advantages, live pathogen 
models have limitations. Typically involving 
a single bacterial species, they contrast 
with the polymicrobial nature often seen in 
clinical sepsis cases. This discrepancy can 
impact the translatability of findings to real- 
world scenarios. Additionally, reproducing 
and quantifying bacteria in these models 
can introduce inconsistencies in the 
experimental setup, potentially affecting 
the reliability of results. High bacterial loads 
can overwhelm the host immune response, 
leading to endotoxemia and failing to 
capture the complexity of clinical sepsis, 
including hemodynamic, immunological, 
and metabolic features. These limitations 
underscore the need for more 
comprehensive models that better replicate 
the multifaceted nature of human sepsis 
(Weiss et al., 2023). 

To address these limitations, researchers 
have explored’ various therapeutic 
interventions and predictive models to 
enhance sepsis outcomes. Specialized pro- 


resolving mediators like resolvin D2 show 
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promise in enhancing bacterial clearance 
and reducing secondary infections. Studies 
have also investigated pharmacologic and 
genetic downregulation of specific proteins 
to improve survival rates. Targeting 
adenosine receptors or _— checkpoint 
immunomodulators has been proposed to 
restore immune homeostasis, while 
research into the role of vitamin D and 
complement system components has 
provided potential intervention strategies. 
Additionally, biomarker measurements are 
being utilized to develop predictive models 
for sepsis mortality, aiding clinical decision- 
making (Hu et al., 2022). 


Sepsis research benefits significantly from 
a multidisciplinary approach that integrates 
basic science, translational research, and 
clinical insights. This comprehensive 
strategy aims to develop more clinically 
relevant models, identify novel therapeutic 
targets, and enhance predictive capabilities 
to ultimately improve patient care in sepsis. 
Live pathogen models, despite their 
limitations, remain valuable tools in sepsis 
research, providing controlled 
environments to study host-pathogen 
interactions and immune __ responses. 
Ongoing research continues to evolve, 
focusing on developing more sophisticated 
models and exploring innovative 
therapeutic approaches to address the 


complexities of sepsis (Fan et al., 2022). A 
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comparison of sepsis models induced by 
pathogen injection is provided (Table 7). 


Table 7. Comparison of Sepsis Models Induced by Pathogen Injection 


Model /Pathogens 


Intranasal 
Delivery 


(IN) 


Intratracheal (IT) 
Administration 


Intratracheal (IT) 
Injection 


Intrabronchial 
(IB) 
Administration 


Spray Method 


Intraperitoneal 
(IP) Injection 


Intravenous (IV) 
Injection 


Subcutaneous 
(SC) Injection 


Features 


Introducing the pathogen directly 
into the nostrils; non-invasive 


Directly administering the pathogen 
into the trachea; precise targeting of 


the lower respiratory tract 


Introducing bacteria into the 
trachea, leading to pneumonia and 
secondary sepsis 


Direct instillation of the pathogen 
into the bronchi; accurate delivery to 
specific lung regions 


Disperses the pathogen in aerosol 
form for inhalation 


Injecting live bacteria directly into 
the peritoneal cavity 


Injecting bacteria into the 
bloodstream, inducing bacteremia 


Injecting bacteria under the skin to 
induce localized infections that can 
become systemic 


Advantages 


Mirrors natural respiratory 
infection pathways; suitable 
for upper respiratory tract 
infections 


Direct route to lungs; useful 
for studying lower 
respiratory tract infections 
and sepsis 


Useful for studying 
respiratory infections that 
progress to sepsis 


detailed 
localized 


Facilitates 
examinations of 
lung infections 


Simulates airborne pathogen 
spread; valuable for studying 
infection dynamics and 
transmission 


Precise control over bacterial 
load and strain; 
standardization possible 


Simulates severe sepsis or 
septic shock 


Mimics skin and soft tissue 
infections leading to sepsis; 
less invasive 


Limitations Key 


References 


May not fully replicate lower 
respiratory tract infections; 
variability in pathogen delivery 


(Parray et al., 
2021) 


Invasive; technically demanding; (Madapong et 


variability in bacterial distribution al., 2021) 
Technically demanding; variability in | (Di Bella et al., 
bacterial distribution and delivery 2021) 


Invasive; technical complexity (Goerlinger et 


al., 2024) 
May not fully replicate natural | (Baek et al., 
infection pathways; control over | 2022) 
pathogen dose can be challenging 
Immune response variability | (May et al., 
depending on bacterial strains 2021) 
Can cause overwhelming infections; | (Koide et al., 
may not reflect gradual onset of | 2021) 
sepsis 
May not fully replicate systemic | (Zhao et al., 
sepsis dynamics; progression to | 2022) 


systemic infection can be variable 
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7.7. Conclusion 


Animal models are indispensable in sepsis 
research, providing crucial insights into the 
pathophysiology and potential treatments 
for this complex and_ life-threatening 
condition. The strategic use of various 
models—ranging from toxin injection and 
disruption of tissue integrity to pathogen 
injection—enables researchers to explore 
different facets of sepsis, each with unique 
advantages and _ limitations. Recent 
advancements, including combination 
models and genetically modified animals, 
have enhanced the clinical relevance and 
translatability of these models. Despite 
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ongoing challenges in achieving perfect 
alignment with human sepsis, these models 
remain vital for preclinical studies, driving 
innovation and informing clinical trials. 
Future research should focus on further 
refining these models, incorporating 
advanced technologies, and standardizing 
protocols to enhance reproducibility and 
clinical applicability. By continuing to 
improve the relevance and reliability of 
sepsis models, the field can make 
significant strides toward better 
understanding, preventing, and treating 
sepsis, ultimately improving _ patient 


outcomes. 
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8 .1. Introduction 


Artificial 
particularly machine learning (ML) and 


intelligence (Al), 


deep learning (DL), plays a crucial role in 
sepsis research by significantly enhancing 
early detection capabilities. The use of AI 
algorithms, which are meticulously trained 
on vast datasets comprising extensive 
clinical information, enables healthcare 
providers to make accurate predictions 
regarding the onset of sepsis. These 
predictions are vital, as they allow for 
timely medical interventions that may 
ultimately save lives in critical conditions 
such as sepsis. By integrating AI into the 
diagnostic process, the healthcare industry 


can move towards a more proactive 
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approach, where potential sepsis cases are 
identified and addressed before they 
escalate into severe complications. This 
early detection is beneficial for patient 
outcomes and helps reduce the overall 
burden on_ healthcare systems by 
preventing prolonged hospital stays and 
the need for intensive treatments. 


The implementation of ML in sepsis 
research has brought about significant 
advancements in early detection, risk 
assessment, and the development of 
personalized treatment strategies. ML 
models are capable of analyzing complex 
and diverse data inputs, including 
electronic health records, laboratory 
results, and patient demographics, to 
identify patterns and correlations that may 
not be apparent to human clinicians. This 
capability enhances the decision-making 
processes of healthcare providers, enabling 
them to make more informed and accurate 
clinical decisions. Furthermore, ML models 
can continuously learn and adapt from new 
data, improving their predictive accuracy 
over time. The integration of ML into 
clinical workflows has the potential to 
revolutionize patient care by providing real- 


time insights and recommendations, which 
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can lead to better management of sepsis 
and improved patient outcomes. 


The continuous evolution of DL 
techniques holds substantial promise for 
the future of sepsis management. DL 
models, a subset of ML, utilize neural 
networks with multiple layers to process 
and analyze large volumes of data. These 
models are particularly adept at handling 
unstructured data such as medical images, 
free-text clinical notes, and physiological 
signals, making them highly valuable in the 
context of sepsis prediction and treatment. 
Innovations in DL algorithms are expected 
to yield even more precise predictive 
models and tailored treatment 
recommendations. These advancements 
can further transform the landscape of 
sepsis care by offering clinicians highly 
accurate tools to predict the onset of 
sepsis, assess patient risk levels, and 
devise personalized treatment plans. As DL 
models continue to evolve, they will likely 
become integral components of clinical 
decision support systems, driving 
significant improvements in __ patient 
management and outcomes in the context 


of sepsis. 


8.2. Predictive Analytics and Early 
Detection 


8.2.1. Machine Learning Models 


ML has emerged as a powerful tool 
in sepsis research, offering significant 
advancements in early detection, risk 
assessment, and personalized treatment 
strategies. ML models excel in analyzing 
complex datasets, such as electronic health 
records, laboratory results, and patient 
demographics, to uncover patterns and 
correlations that may elude human 
clinicians. By enhancing decision-making 
processes, these models empower 
healthcare providers to make more 
informed and precise clinical decisions, 
potentially revolutionizing patient care. The 
ability of ML models to continuously learn 
and adapt from new data further enhances 
their predictive accuracy over time, 
providing real-time insights and 
recommendations for better sepsis 
Management and_ improved patient 


outcomes (Hou et al., 2020). 


Studies have shown that ML 
algorithms outperform traditional screening 
scores in early sepsis detection. The 
integration of ML into clinical workflows has 
the potential to transform sepsis care by 
equipping clinicians with advanced tools for 
decision-making (Sandhu et al., 2020). The 
advent of abundant digital health data has 
paved the way for utilizing ML in digital 
biomarker discovery to advance early 
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sepsis recognition. By systematically 
reviewing studies that employ ML for sepsis 
prediction in the ICU, researchers aim to 
enhance the accuracy and timeliness of 
sepsis onset prediction, potentially leading 
to earlier interventions and better patient 
outcomes (Moor, Rieck, Horn, Jutzeler, & 
Borgwardt, 2021). 


While ML models are commonly 
developed to enhance clinical decision- 
making, successful integrations of these 
models into routine clinical care remain 
rare (Sendak et al., 2020). However, with 
the gradual integration of ML into clinical 
practice, researchers are exploring its 
potential for early mortality risk prediction 
in sepsis patients (Y. Zhang, Xu, Yang, & 
Zhang, 2023). Studies have applied new ML 
methods to predict differentially expressed 
genes for sepsis outcomes, showcasing the 
versatility and potential of ML in advancing 


sepsis research. 


ML has proven to be an effective 
tool for predicting sepsis at an early stage, 
offering increased sensitivity and specificity 
compared to traditional methods (Yang, 
Cui, & Song, 2023). By leveraging ML, 
researchers have focused on_ various 
aspects of sepsis management, including 
antibiotic treatment, mortality prediction, 
and the development of diagnostic models 
for sepsis cases (O'Sullivan et al., 2023). 
The application of ML techniques in 
infection science reflects a growing interest 
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in utilizing advanced technologies to 
address complex healthcare challenges. 
For instance, ML models such as Neural 
Networks and Random Forest have 
demonstrated superior performance in 
predicting the risk of sepsis among 
emergency patients compared to 
traditional screening tools (Barghi & 


Azadeh-Fard, 2022). 


ML-based early prediction of sepsis 
using electronic health records has been 
the subject of systematic reviews, 
underscoring the importance of AI 
algorithms in enhancing early sepsis 
prediction. The successful creation of 
random forest models utilizing clinical 
features from ICU patient data has shown 
high sensitivity and specificity, indicating 
the potential wider applicability of such 
models pending external validation (Islam 
et al., 2023). Additionally, systematic 
reviews — and meta-analyses have 
highlighted ML models as promising tools 
for predicting sepsis onset in the ICU 
setting, underscoring their role in 
effectively detecting and managing sepsis 
(Yang et al., 2023). 


The significance of ML algorithms in 
predicting mortality, severity, and length of 
stay in ICU sepsis patients based on Sepsis 
3.0 criteria have been emphasized. These 
algorithms have demonstrated superiority 
over traditional assessment tools like the 
Sequential Organ Failure Assessment 


(SOFA) score in systematically evaluating 
organ damage and _ predicting patient 
outcomes (Su et al., 2021). The prediction 
of sepsis in the context of COVID-19 using 
laboratory indicators has also been 
explored, with Extreme Gradient Boosting 
(XGBoost) emerging as a popular ML model 
for accurate prediction, outperforming 
other models (Tang et al., 2020). 


ML models, particularly random 
forest algorithms, have played a crucial role 
in developing prediction models for post- 
operative mortality in geriatric patients with 
hip fractures, showcasing the versatility of 
ML algorithms in healthcare applications 
(Xing et al., 2022). Similarly, the 
application of ML in predicting sepsis onset 
in ICU patients has demonstrated the 
efficacy of random forest algorithms in 
accurately predicting sepsis onset based on 
clinical variables extracted from electronic 


medical records (Wang et al., 2021). 


ML algorithms have been pivotal in 
classifying sepsis heterogeneity in the ICU, 
showcasing their ability to recognize sepsis 
onset from vital signs data and improve 
patient outcomes 
intervention (Ibrahim et al., 2020). The 


through early 


prediction of in-hospital mortality in ICU 
patients with sepsis using gradient 
boosting decision trees has shown the 
ability of ML to analyze complex data and 
derive significant insights for clinical 
decision-making (Li, Shi, Liu, Xie, & Liu, 


2021). ML models have also been 
developed to predict sepsis onset in 
general ward settings, demonstrating their 
potential to extend early prediction 
capabilities beyond critical care 
environments (S. C. Yu et al., 2022). 


The identification of risk factors for 
pediatric sepsis in the emergency 
department using ML methods has 
demonstrated high _ sensitivity and 
specificity in identifying patients at risk, 
highlighting the importance of early 
detection and intervention in pediatric 
populations (Mercurio, Pou, Duffy, & 
Eickhoff, 2023). The development of a 
nomogram for predicting mortality risk in 
sepsis patients during hospitalization 
emphasizes the need for clinical prediction 
models that align with practical clinical use, 
overcoming the complexity associated with 
traditional ML algorithms (Lu et al., 2023). 
Furthermore, studies comparing ML 
methods for predicting sepsis risk among 
emergency patients have shown the 
superior performance of models like Neural 
Networks and Random Forests over 
traditional screening tools, indicating the 
potential of ML in enhancing risk prediction 
and clinical decision support (Barghi & 
Azadeh-Fard, 2022). 


Research has also focused on early 
mortality prediction for septic patients 
visiting the emergency room_ using 


explainable ML models. These models can 
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analyze extensive patient data, including 
vital signs, laboratory results, and medical 
histories, identifying patterns that may not 
be readily apparent to human clinicians, 
thereby aiding in timely interventions and 
improved patient outcomes (Park et al., 
2024). Moreover, the development of 
interpretable ML models has facilitated the 
early detection of septic shock onset, 
showcasing advancements in ML for clinical 
decision systems and sepsis management 
(Misra et al., 2021). 


The ability of ML models to reliably 
forecast acute kidney injury (AKI) in septic 
patients has been a subject of interest in 
sepsis research. AKI is a_ prevalent 
condition among intensive care unit (ICU) 
patients and is associated with significant 
morbidity and mortality rates, making early 
detection crucial for improving patient 
outcomes (Peng, Wang, Jin, Tao, & Qin, 
2024). The integration of ML methods and 
neural networks has_ enabled the 
development of predictive models for AKI 
in septic patients, leveraging electronic 
health record data to enhance the accuracy 
of AKI risk prediction (Yousif & Awdishu, 
2023). The development and validation of 
risk prediction models for AKI after surgery 
underscore the importance of early 
identification and proactive management of 
AKI in postoperative patients. By 
leveraging web-based prediction tools, 


clinicians can assess the risk of 


168 


postoperative AKI requiring _ renal 
replacement therapy, enabling timely 
interventions to mitigate the impact of AKI 


on patient outcomes (Woo et al., 2021). 
8.2.2. Deep Learning Models 


DL techniques, a _ sophisticated 
subset of ML, offers advanced capabilities 
through its ability to learn hierarchical 
representations of data. Convolutional 
neural networks (CNNs) and recurrent 
neural networks (RNNs), including long 
short-term memory (LSTM) networks, have 
been employed to analyze time-series data 
from EHRs. These models excel in 
capturing temporal dependencies and 
complex interactions between clinical 
variables, thus improving the accuracy of 
sepsis prediction. 


These models are particularly adept 
at handling unstructured data _ types, 
including medical images, clinical notes, 
and physiological signals, making them 
invaluable for sepsis prediction and 
treatment. A key strength of DL algorithms 
is their capacity to learn complex patterns 
and interactions directly from raw event 
sequence data without the necessity for 
manual feature extraction. This capability is 
crucial for early sepsis detection as it allows 
the models to capture intricate correlations 
among various risk factors, thereby 
enhancing the accuracy and reliability of 
sepsis prediction (Boussina et al., 2024; 
Lauritsen et al., 2020). 


The integration of DL models into 
clinical workflows presents a_ significant 
opportunity to improve diagnostic accuracy 
and the management of acute conditions 
such as sepsis. Empirical studies have 
shown that deep neural networks, 
particularly convolutional and recurrent 
neural networks, exhibit great promise 
across various medical applications, 
including the detection of sepsis. By 
amalgamating these advanced DL 
techniques with clinical data, researchers 
aim to bridge the gap _ between 
conventional clinical information and gene 
expression data, thereby advancing the 
prediction and comprehension of sepsis 
(Rashid et al., 2023). Additionally, the 
development of hybrid DL models that 
combine deep features extracted by 
convolutional and recurrent neural 
networks has shown significant promise in 
the realm of early sepsis prediction (Duan 
et al., 2023). 


Further exploration into the use of 
DL models for predicting adverse outcomes 
in sepsis patients with comorbid conditions 
such as diabetes has revealed critical 
insights. For instance, hyperglycemia is 
associated with increased mortality rates in 
sepsis patients, underscoring the necessity 
of advanced techniques like DL to identify 
and manage such risk factors effectively. 
Moreover, the application of DL _ in 
predicting feeding intolerance in intensive 


care unit (ICU) patients with sepsis 
highlights the versatility and applicability of 
these models in addressing a wide array of 
clinical challenges. By utilizing abstract 
representations of input data, DL methods 
can customize predictive models for 
specific tasks, thereby offering 
personalized treatment recommendations 
for sepsis patients (Hu et al., 2022; Lin, Lai, 


& He, 2022). 


The advancement of DL models in 
sepsis management extends beyond mere 
prediction to encompass _ treatment 
optimization and the enhancement of 
patient outcomes. Advanced artificial 
intelligence (AI) methods, such as deep 
reinforcement learning (RL), have been 
employed to develop more efficient 
treatment policies for sepsis, with the aim 
of improving patient care and survival rates 
(C. Yu & Huang, 2023). Additionally, the 
integration of metaheuristic algorithms 
with DL frameworks introduces a novel 
approach to optimizing deep neural 
networks for sepsis prediction, showcasing 
the innovative strategies being explored in 
this domain (Kaya, Yilmaz, & Asar, 2023). 
The application of explainable AI and deep 
neural networks has enabled researchers 
to make significant strides in mortality 
prediction for conditions like neonatal 
sepsis, emphasizing the potential of DL to 


enhance clinical decision-making and 
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patient outcomes (Shaw, Pachpor, & 
Sankaranarayanan, 2022). 


In the context of sepsis, the ability 
of DL models to extract features from 
diverse data types—such as_ images, 
waveforms, and clinical parameters— 
represents a key advantage that facilitates 
the development of robust predictive 
algorithms (Kwon et al., 2021). These 
models have proven instrumental in early 
sepsis screening using 
electrocardiography, offering a noninvasive 
and cost-effective method for identifying 
at-risk patients (M. Zhang, 2023). By 
integrating DL with Sepsis-3 diagnostic 
criteria, researchers have achieved 
improved prediction performance on time 
series data collected from sepsis patients, 
underscoring the value of merging 
advanced ML techniques with established 
clinical standards (Deng et al., 2022). 


Despite the considerable progress 
made in leveraging DL _ for _ sepsis 
management, several challenges persist, 
particularly in predicting long-term 
outcomes for sepsis survivors. Variations in 
predictive model performance based on 
differing interpretations of — sepsis 
definitions highlight the need for 
standardized approaches to enhance the 
reliability and consistency of predictive 
algorithms in clinical practice. As 
researchers continue to refine DL models 


and incorporate them into routine clinical 
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care, the potential for these technologies to 
drive significant advancements in sepsis 
management and _ patient outcomes 
remains substantial. The ongoing evolution 
and integration of DL in healthcare hold 
promise for revolutionary improvements in 
the early detection, personalized 
treatment, and overall management of 


sepsis. 
8.3. Ethical Considerations and Trust 


In the realm of AI in healthcare, 
particularly in the context of sepsis 
research and clinical decision-making, 
ethical considerations, transparency, and 
trust play pivotal roles in shaping the 
acceptance and successful integration of 
these technologies. The ethical implications 
of AI and robotics in healthcare encompass 
a wide array of issues, including privacy, 
data security, bias, fairness, accountability, 
transparency, autonomy, human oversight, 
and societal implications (Elendu et al., 
2023). As AI technologies become more 
prevalent in healthcare, there is a pressing 
need for proper governance to address 
regulatory, ethical, and trust issues (Al 
Kuwaiti et al., 2023). This underscores the 
importance of ensuring that AI _ in 
healthcare is developed and deployed in an 
ethical and transparent manner to foster 
trust and acceptance among healthcare 
professionals (Rony et al., 2024). 


In the context of sepsis research, 
the application of AI presents significant 


potential for addressing challenges faced 
by health systems globally (Wu, Islam, 
Poly, & Lin, 2024). However, the successful 
integration of AI in healthcare, including 
sepsis management, requires collaboration 
among academic institutions, healthcare 
regulators, and _ bioethics experts to 
educate students on ethical considerations 
that uphold patient privacy, confidentiality, 
and trust in AI technology within the 
healthcare system. Moreover, the 
implementation of AI in healthcare, such as 
in mammography screening, has brought 
to light a multitude of — ethical 
considerations that need to be carefully 
navigated to ensure the responsible and 
trustworthy use of these technologies 
(Johansson, Dembrower, Strand, & 


Grauman, 2024). 


Trust is a critical factor in the 
adoption and acceptance of AI in 
healthcare. Patients are often hesitant to 
trust AI technologies due to their high 
regard for the quality of care provided by 
human healthcare professionals. Building 
trust in AI tools in clinical radiology, for 
example, requires healthcare specialists to 
reflect on the implications of incorporating 
AI into professional judgment and decision- 
making processes, especially when AI 
solutions utilize health data to support 
evidence-based _ decision-making and 
individualized care (Bergquist et al., 2024). 


Trustworthiness is fundamental in the 


adoption of new technologies, emphasizing 
the reliability, integrity, and ability of AI- 
based systems to create a safe and 


accurate healthcare environment. 


Transparency is another key aspect 
that influences trust in AI in healthcare. 
The transparency of AI in healthcare is 
viewed as a _ multilayered system of 
accountabilities, balancing legal 
requirements with technical limitations to 
ensure that the development and use of AI 
are transparent processes  (Kiseleva, 
Kotzinos, & De _ Hert, 2022). This 
transparency is crucial for promoting 
healthcare workers' adoption intention of 
Al-assisted diagnosis and treatment, with 
social influence and human-computer trust 
mediating the’ relationship between 
expectancy and (Cheng, Li, & Xu, 2022). 
Moreover, the role of trust in Al-driven 
healthcare systems is essential for patient 
safety, highlighting the need to view AI as 
a component of the overall healthcare 
system rather than a standalone entity to 
be trusted, held 
responsible (Bilal Unver & Asan, 2022). 


accountable, or 


8.4. Clinical Relevance and 
Controversies 

Artificial intelligence (AI) has 
demonstrated considerable potential in 
sepsis research, enhancing capabilities in 
data analysis, predictive modeling, and 
decision support. However, to fully harness 
Al's capabilities in this vital area, several 
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challenges and future directions must be 
addressed. 


One _ significant challenge is 
enhancing the ~ transparency and 
interpretability of Al-driven models, 
especially those based on deep learning. In 
healthcare settings, there is a critical need 
for clarity on how AI models generate 
predictions. Clinicians often hesitate to rely 
on "black-box" models without clear 
explanations, emphasizing the need for 
transparent AI-driven recommendations to 
build trust and ensure equitable treatment 
(Ueda et al., 2024). As AI technologies, 
including deep learning algorithms, 
become more prevalent in clinical practice, 
the issue of biases and discrimination in AI- 
driven decision-making processes has 
highlighting the 
importance of fairness and accountability in 


gained __ attention, 


healthcare AI applications (Agafonov, 
Babic, Sousa, & Alagaratnam, 2024). 


To address the challenges 
associated with the lack of transparency 
and interpretability in AI models, XAI has 
emerged as a pivotal area of research (R, 
2024). XAI aims to augment the 
transparency and _ interpretability of AI 
systems by developing algorithms and 
models that can be easily understood and 
interpreted by humans (Tiwari, 2023). By 
incorporating explainability techniques into 
AI models, healthcare providers can 
elucidate the internal mechanisms of AI 
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algorithms, enhancing their interpretability 
and reliability (Kumbhar et al., 2023). 


Moreover, the integration of AI in 


healthcare necessitates responsible 
practices to ensure patient safety and 
ethical considerations. Ethical frameworks 
for AI in healthcare entrepreneurship 
emphasize the need for transparency, 
trustworthiness, usability, and fairness in 
developing and implementing AI models 
(Babajide Tolulope Familoni, 2024). 
Collaborative efforts and _ interdisciplinary 
collaborations are recommended to 
establish comprehensive guidelines for 
responsible AI use in _ healthcare, 
particularly in areas such as generative AI 
for healthcare supply chain optimization 


(Amina Catherine Ijiga et al., 2024). 


In the context of clinical decision- 
making, Al-driven decision support 
systems (AI-DSS) play a significant role in 
assisting healthcare professionals. 
However, for successful integration into 
practice, clinicians must be willing to 
incorporate AI-DSS into their decision- 
making processes (Dlugatch, Georgieva, & 
Kerasidou, 2024). Understanding the 
epistemic reliance on AI systems and 
ensuring that clinicians are comfortable 
with Al-driven recommendations are 
essential steps in promoting the adoption 


of AI technologies in healthcare settings. 


In conclusion, the ethical 
implications of AI in healthcare, particularly 


in terms of transparency, interpretability, 
and accountability, are critical 
considerations for the — responsible 
deployment of AI models. By prioritizing 
explainability, trustworthiness, and fairness 
in Al-driven healthcare applications, 
stakeholders can work towards building a 
foundation of ethical AI practices that 
prioritize patient safety, clinician trust, and 


equitable treatment outcomes. 


8.5. Recent Advances and Future 
Directions 


The future of AI in sepsis research 
appears extremely promising, driven by 
continuous technological and 
methodological advancements. A _ pivotal 
aspect of this progress is the integration of 
diverse data sources, including imaging, 
genomics, and data from wearable devices. 
This approach, known as multi-modal data 
integration, is critical as it significantly 
enhances the predictive capabilities of AI 
models, offering a more comprehensive 
understanding of sepsis. Such integration 
not only improves the accuracy of 
predictions and treatment 
recommendations but also deepens 
insights into the pathophysiology and 


progression of sepsis (Evans et al., 2021). 


Continuous advancements in both 
technology and methodological approaches 
have positioned RL algorithms at the 
forefront of innovating sepsis 


management. RL models, which optimize 


actions through a process of trial and error, 
have been effectively utilized to simulate a 
variety of treatment scenarios. These 
models adeptly recommend the most 
suitable course of action based on 
predicted patient responses, thereby 
customizing treatment strategies to meet 
individual patient needs. This personalized 
approach optimizes therapeutic 
interventions by leveraging the unique data 
of each patient, leading to improved 
patient outcomes and a reduction in the 
risk of complications. The progress in RL 
and other AI techniques highlights the 
substantial potential for enhancements in 
the management and treatment of sepsis, 
promising a future where healthcare is both 
more effective and individually tailored (C. 


Yu & Huang, 2023). 


The development of AI systems 
capable of real-time monitoring and 
decision support in clinical settings 
represents a transformative shift in sepsis 
care. By continuously analyzing patient 
data streams, these systems facilitate 
timely interventions and allow for the 
dynamic adjustment of treatment plans in 
response to evolving patient conditions. 
This capability provides clinicians with the 
tools necessary for making informed, rapid 
decisions that enhance patient outcomes 
and optimize resource utilization in critical 


care settings. 
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Additionally, the establishment of 
collaborative research initiatives and open- 
access data repositories is crucial for 
accelerating progress in Al-driven sepsis 
research. Sharing data and insights across 
institutions not only fosters collaboration 
but also aids in the development of more 
generalized and robust AI models. This 
collaborative approach promotes a culture 
of openness and collective problem- 
solving, which is essential for advancing the 
field of sepsis research and ensuring that 
AI innovations translate into tangible 
clinical benefits (Wu et al., 2024). 


Moreover, the use of AI in sepsis 
management aligns with the broader trend 
of leveraging advanced technologies to 
improve healthcare delivery. AlI-driven 
algorithms can be strategically deployed at 
various stages of sepsis management, 
including early detection, prognosis 
evaluation, mortality risk assessment, and 
optimization of therapeutic strategies. The 
power of AI lies in its ability to process vast 
amounts of data and extract meaningful 
insights, significantly enhancing clinical 
decision-making and leading to better 


patient care outcomes. 


The future of AI in sepsis research 
is characterized by a convergence of 
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technological advancements, sophisticated 
data integration practices, enhanced real- 
time monitoring capabilities, and a strong 
emphasis on collaborative research. As the 
healthcare sector continues to embrace 
these innovative directions, AI is poised to 
revolutionize sepsis treatment, improve 
patient outcomes, and drive significant 
advancements in critical care medicine. 
Emphasizing these aspects will not only 
further the development of AI applications 
in healthcare but also ensure that the 
benefits of such innovations are widely 
distributed and maximally utilized. 


8.6. Conclusion 


AI has the potential to transform 
sepsis research and clinical practice. By 
leveraging advanced data analytics and 
predictive modeling, AI can enhance early 
detection, personalize treatment 
strategies, and improve prognostication. 
However, realizing this potential requires 
addressing challenges related to data 
quality, model interpretability, and ethical 
considerations. Continued advancements 
in AI technology, coupled with collaborative 
research efforts, will pave the way for more 
effective and equitable sepsis care, 
ultimately reducing the global burden of 


this devastating condition. 
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